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Synopsis 
 
Comprehensive two-dimensional gas chromatography (GCxGC) was first 
proposed about two decades ago (1991) by Phillips [1]. Since then, GCxGC has 
proven to be one of the most powerful analytical tools for high-resolution, 
sensitive, analysis of organic volatile compounds. This is a direct result of the 
high peak capacity obtained with the combination of the two chromatographic 
columns of complementary selectivity, which ensure that the entire sample is 
submitted to two orthogonal separations. The method has been used for 
petroleum-product analysis [2,3], essential oils separations [4], drugs [5] and 
environmental analysis [6,7].  
 
The technique involves the use of two columns with different stationary phases. 
The first column is operated under conditions that elute relatively broad peaks 
of about 10 s wide. In the present work a cryo-modulator collects sequential 
portions of the first column effluent and introduces them as narrow plugs into 
the second column for very fast separation. Classically, the first column has a 
non-polar phase (boiling point separation) and the second dimension is a polar 
column (polarity separation). The second column is usually polar and short, to 
give very fast analysis and orthogonal separation is achieved, with data 
presented in a two-dimensional (2D) plot. 
 
Petroleum samples were one of the first fields of application investigated in 
GCxGC. These sample types are very complex, may contain several thousands 
of components, and the identification of each individual component in the entire 
sample is an unrealistic task, particularly when using standard single dimension 
GC. Up until now, GCxGC has been used in order to provide a more detailed 
composition of petroleum samples originating from refining as well as from 
geochemistry, and in the environment such as oil spill and contaminated 
sediments. 
 
Background discussion of petroleum and particulate matter sources and their 
analysis is presented in Chapter 1. Incomplete molecular characterisation of 
highly complex samples, such as petroleum-related organic matrices, which can 
contain hundreds or thousands of components has limited our understanding 
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and knowledge of their origin and sources due to the fact that current methods 
used for the analysis of such samples cannot cope with this excessive number 
of constituents, and as such, valuable geochemical and environmental 
information e.g. biomarker composition, may be inadequately determined. 
 
There have been many studies on the chemical characterisation of the source 
and fate of hydrocarbon contamination in the environment. Because of the 
complex character of petroleum fractions and products, one-dimensional 
methods like gas chromatography (GC) have fundamental and practical 
resolution limits when challenged with the thousands of components in 
petroleum mixtures. Characterisation of petroleum products is even more 
difficult when the biodegraded oil petroleum results in the detection of a “hump” 
of unresolved complex mixtures (UCM). This UCM may result from 
cycloparaffins and aromatics that are already present in crude oil, or may be 
produced by biodegradation [8]. Blumer et al. [8], also noted that this 
unresolved background was “ typical for chromatograms of crude oil that are 
analyzed on a column of relatively low efficiency”, however all efforts at 
resolving UCM on even the most efficient of single dimension columns is not 
achievable. 
 
Therefore, better understanding of the nature of the organic chemical inventory 
hidden in this UCM, requires further separation of the UCM band, which can 
only be achieved using techniques with considerably increased resolving power.  
Comprehensive two-dimensional gas chromatography (GCxGC) has proven to 
be one of the most powerful analytical techniques for high resolution, sensitive 
separation of other complex samples, and similarly also the unresolved complex 
mixtures, as demonstrated by Frysinger et al., [9]. This study showed that 
GCxGC had the ability to separate the UCM in petroleum-contaminated 
sediments, where different chemical classes are well separated and grouped in 
specific regions in the GCxGC chromatogram. 
 
Over the past decades, respirable urban airborne particulates has become an 
important issue over the world due to the propensity for small particles to enter 
deep into the alveoli and the subsequent large number of scientific studies, 
Synopsis 
  
XIX 
which proved that air pollution has an adverse effect on health in humans. 
Studies recognised that the fine particulate matter (PM2.5 and PM10) has 
significant contributions to diseases such as cardiovascular and respiratory 
symptoms [10]; there is an increasing concern about the composition of 
atmospheric particulates because of the presence of organic and inorganic co-
pollutants. Research into urban particulates must address distributions, 
deposition, and retention of inhaled aerosol particles in the lung. An inventory of 
the organic load of such particles is therefore critical in evaluating the health of 
a modern city, and this can only be achieved through identification and 
quantification of the chemical composition of the atmospheric sinks, and relating 
this to the source of the pollutants. 
 
In this study, GCxGC-flame ionisation detection (GCxGC-FID) and GCxGC-
time-of-flight mass spectrometry (GCxGC-TOFMS) will be employed as the 
primary techniques to study a series of related analytical tasks, and so provide 
new data that will assist in sophisticated characterisation of volatile organic 
compounds in atmospheric particulates and oil contaminated sediments. 
 
Chapter 2 consists of two studies, which focus on the column phase 
combination and selection in GCxGC and GCxGC-TOFMS for the analysis of 
crude oil and bitumen and Arafura Sea extracted organic material (EOM). An 
inverted phase (polar-non-polar) column set has been compared with a non-
polar - polar (NP/P) column set for the GCxGC separation of petroleum 
hydrocarbons. The former column configuration is shown to provide greatly 
enhanced resolution for less polar compounds and makes greater use of the 
two-dimensional separation space. It improves resolution of a greater number of 
components within one analysis and offers new possibilities for crude oil 
fingerprinting. Since the temperature of the modulator was shown to affect the 
peak shape of the later eluting components, such as high molecular weight 
straight chain-alkanes, particularly on a polar - non-polar (P/NP) column set, 
therefore, the trapping temperature of the longitudinally modulated cryogenic 
system (LMCS) was investigated to improve trapping and releasing of high 
molecular weight hydrocarbons, which leads to better peak shape of these 
components.  
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The burning of incense was found to result in the generation of a continuous 
smoke stream, which is an important source of indoor air pollution due to the 
emission of toxic volatile organic compounds (VOCs). Analysis of incense 
smoke using GCxGC-FID for the qualitative fingerprint characterization of four 
different types of incense is described in Chapter 3. Solid phase microextraction 
(SPME) with a polydimethylsiloxane/divinylbenzene (PDMS/DVB) 65µm fibre 
was used for the extraction of VOCs in the incense powder and smoke. NP/P 
and P/NP phase combinations were tested to contrast the GC×GC separation 
of components in these two column sets.  
 
The smoke stream comprised compounds originating from the original incense 
powder volatiles, and combustion products such as PAH, N-heterocyclics, and 
furans. However, GC×GC was able to separate many more volatile compounds 
present in the complex smoke samples, many of which cannot be separated nor 
adequatedly identified by conventional one dimensional gas chromatography or 
GC-MS (1D GC); this is a direct consequence of the high-resolution power of 
GC×GC. GC×GC fingerprint comparison of powder headspace (H/S) with 
smoke allows facile subtraction of the former from the latter to assist 
identification of compounds generated from burning of incense. 
 
In order to fully understand the composition of incense smoke, the need for 
GC×GC in tandem with a fast mass spectrometer and other specific detectors, 
such as the time-of-flight mass spectrometer (TOFMS), nitrogen phosphorous 
detector (NPD) and electron capture detector (ECD) are critical. Chapter 4 
discuses the full potential of GC×GC-TOFMS, GC×GC-NPD and GC×GC-ECD 
for characterization and identification of components generated by incense 
powder and smoke. GC×GC-TOFMS allowed simultaneous separation and 
identification of compounds emitted into the atmosphere as a result of 
combustion of incense powder. The smoke comprised compounds originating 
from the incense powder and combustion products such as saturated and 
unsaturated hydrocarbons, essential oil type compounds, nitromusks, fatty acid 
methyl esters (FAMEs), polycyclic aromatic hydrocarbons (PAHs, which 
possibly include oxygenated and nitrated PAHs), N-heterocyclics, pyrans and 
furans, which were detected and tentatively identified by GC×GC-TOFMS. 
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GC×GC-µECD/NPD potentially offers the prospect of providing selective 
chemical compositional information of incense powder and smoke, such as 
nitrogen-containing (N-containing) and halogenated compounds. Results of 
GC×GC-µECD/NPD showed that both incense powder and smoke caused the 
emission of N-containing and halogenated compounds. A significant number of 
halogenated and N-containing compounds were emitted during the incomplete 
combustion of incense. However, the major objective of this research is to 
demonstrate the power of comprehensive two-dimensional gas chromatography 
coupled to specific and/or selective detectors such as those used in this study 
(GC×GC-µECD/NPD) for the detection of particular classes of compounds such 
as N-containing and halogenated compounds at trace level concentrations in 
complex smoke samples. 
 
GC×GC offers favourable resolution and sensitivity compared with conventional 
1D GC, as reported in many studies. These characteristics are of major interest 
when analytes are in trace concentration, and are present in complex mixtures, 
as is the case of PAHs in atmospheric particulate matter samples. Whilst 
GC×GC has been widely applied to identification of different types of analytes in 
several matrices, less seldom has it been used for quantification of these 
analytes. Although several quantitative methods have been proposed, they may 
be tedious and/or require considerable user development. Whereas 
quantification in 1D GC is a routine and well-established procedure, in GC×GC, 
it is not so straightforward, especially where novel or untested procedures have 
yet to be incorporated into software packages. An alternative topic is discussed 
in Chapter 5, which proposed and investigated selection of a subset of the 
modulated peaks generated for each solute may be summed, based on the 
specific target ion mass of each compound present in a certified standard 
reference material (SRM) 1649a (urban dust). The ratio between a PAH and its 
corresponding deuterated (PAH-d) form showed that there is no statistical loss 
of sensitivity when this ratio is calculated,  based on whether the total sum of 
modulated peaks, or only the two or three most intense modulated peaks, are 
employed. Manual integration may be required, and here was found to give 
more acceptable values than automatic integration. Automated integration has 
been shown here to underestimate the modulated peaks responses when low 
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concentration of PAHs was analyzed. Although for most PAHs good agreement 
with the certified values were observed, the analytical method needs to be 
further optimized for some of the other PAH, as can be seen with those PAH 
with high variability in the range of urban dust analyzed. 
 
Chapter 6 highlights a GC×GC-TOFMS method for separation of a series of 
petroleum oil samples using a (P/NP) column configuration. Various oils were 
selected to provide samples from the same oil family to help compare changes 
during biodegradation. The groups also represented different sources and ages 
to assess the application of GC×GC for the differentiation of oil sources, as well 
as fluid history. A detailed separation of classes of compounds present in the oil 
was obtained for each of the oils used in this study. Compared to conventional 
1D GC, this technique can provide greatly improved separation and 
reproducibility along with greater information for complex samples such as 
petroleum and unresolved complex mixture (UCM) samples due to the 
increased resolution provided by the addition of a second dimension column 
operated in a comprehensive two-dimensional gas chromatography mode. The 
GC×GC method, coupled with time-of-flight mass spectrometry provides more 
complete compositional information of complex biodegraded oil samples. 
Significantly, the separation and compositional information provided by 
GC×GC-TOFMS has the added potential for the study of UCM in biodegraded 
oils and the ability to study biodegradation trends. 
 
Chapter 7 provides general conclusions, highlighting the key outcomes in each 
study and proposed future work. 
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1. Introduction 
 
 
 
 
 
1.1 Crude Oils 
 
Oil is a general term that describes a wide range of natural substances of plant, 
animal or mineral origin, as well as a range of synthetic compounds. There are 
many different types of oils, which are made up of hundreds of major 
compounds and thousands of minor ones. As a consequence, their composition 
varies, as for each type of oil or petroleum product has a certain unique 
characteristics or properties. 
 
Crude oils are complex mixtures of thousands of different organic compounds 
ranging from smaller volatile compounds to very large non-volatile compounds. 
They comprise a diversity range of different organic compounds formed from a 
variety of organic materials that are chemically converted under differing 
geological conditions under layers of mud, sand and/or rock over millions of 
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years from the remains of aquatic plants and animals that lived in ancient seas. 
The infinite variable nature of these factors results in distinct chemical 
differences between oils. Thus, all crude oils and petroleum products, to some 
extent, have chemical compositions that differ from each other [11]. This 
variability in chemical compositions results in unique chemical ‘fingerprints’ for 
each oil and provides a basis for identifying the sources of oil, and can therefore 
be employed for characterisation of spilled oil. 
 
Crude oils are composed primarily of hydrogen and carbon, (which form a wide 
range of hydrocarbons from light gases to heavy residues) and are therefore the 
main elements in the Crude oils also contains smaller amounts of sulfur, oxygen 
and nitrogen as well as metals such as nickel, vanadium and iron [11]. The 
hydrocarbons found in oils are characterized by their structure, which could be 
used for oil source identification and environmental assessment.  
 
The main hydrocarbon structure found in oils are the saturates, olefins, 
aromatics and polar compounds. Saturate group of components comprised 
primarily of alkanes, therefore they are major components of crude oils. The 
saturate group also includes cyclic alkanes, which are compounds made up the 
same carbon and hydrogen constituents, but with the carbon bonded to each 
other in saturated rings or cyclic structures.  
 
The aromatic compounds, which include benzene, toluene, ethylbenzene and 
xylenes are referred to as BTEX, which are the smallest and most volatile 
aromatic compounds found in oil. Polyaromatic hydrocarbons (PAH) are 
compounds consisting of at least two benzene rings and include naphthalenes, 
phenanthrene, pyrene etc, which also the relatively abundant in oils. 
 
Polar compounds are those that have a significant molecular charge as a result 
of bonding with compounds such as sulfur, nitrogen or oxygen. The “polarity” or 
charge that the molecule carries results in behaviour that, under some 
circumstances, is different from that of unpolarised compounds. 
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The appropriate petroleum specific target analytes [12,13] should include n-
alkanes (C8-C40) and selected isoprenoids pristane (Pr) and phytane (Ph); the 
volatile BTEX and alkylated benzenes (C3-C5-benzenes); the petroleum specific 
PAH and alkylated (C1-C4) homologues of selected PAHs; and biomarker 
compounds. 
 
However, each oil has a different “fingerprint” and distribution of hydrocarbons. 
The types and concentrations of specific oil constituents in environmental 
samples are dictated by the origin and nature of the spilled oil [14].  
 
Crude oil is considered as one of the most important commodities in the world. 
However, classification of crude oil types by geographical source is generally 
not a useful characterisation scheme because they offer very little information 
about general toxicity, physical properties, and chemical compositions, and 
change that may occur with time and weathering. Incorrect classification and 
assignment of these characteristics may in turn lead to incorrect assignment of 
crude oil types and origin. Thus it is necessary and crucial to classify oils by a 
more complete molecular composition based on all the hydrocarbon types in the 
oil.  
1.1.1 Biodegradation of oils 
Under certain conditions, living microorganisms can alter and/or metabolize 
various classes of compounds present in oil, according to a set of processes 
collectively called biodegradation. Biodegradation is an important and 
potentially ubiquitous process affecting both the chemical composition and 
physical properties of crude oil. Some of the influences of biodegradation on the 
molecular composition and physical properties of crude oils are empirically well-
known from many studies of in-reservoir biodegradation, laboratory degradation 
studies, and studies of crude oil spills. For instance, hydrocarbons are 
selectively degraded in the order of n-alkanes,> isoprenoids,> cyclic 
compounds and the concomitant increase in polar compounds is manifested by 
decrease of API gravity and increase in viscosity. 
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The total hydrocarbon fraction from non-biodegraded petroleum is usually 
dominated by n-alkanes, with lesser amounts of branched (including isoprenoid) 
and cyclic alkanes and alkylaromatics (such as benzenes, napthalenes and 
phenanthrenes). Connan [15] and Volkman et al., [15,16] studies showed that 
biodegradation of petroleums, both in reservoir formations and in polluted 
Recent sediments, results in quite rapid removal of components with alkyl 
chains, particularly n-alkanes. However, it has been observed that alkylaromatic 
components can be removed more rapidly than n-alkanes in the initial stages of 
biodegradation. In 1973, Blumer et al. [8] reported that the disappearance of the 
dominant resolved components in the gas chromatograms of aliphatic and 
aromatic hydrocarbons fractions of biodegraded petroleum results in the 
detection of a “hump” or unresolved complex mixture (UCM) (a typical example 
is shown in  
Figure 1). This UCM may be produced by biodegradation or it may result from 
the relative concentration of a complex mixture that is already present in crude 
oil, which arises from the removal of major resolved alkylated species by 
biodegradation (and weathering). In non-biodegraded samples the UCM is not 
observed at the same concentrations used in the GC determination of n-alkane 
distributions. Therefore, fingerprinting based on n-alkane or isoprenoid 
distribution patterns cannot provide much information on the source of highly 
degraded spilled oils.  
 
The level of PAH compounds in crude oils and petroleum products are 
considered to be very important parameters [14], thus, the distribution 
fingerprints of BTEX, alkylated benzenes and PAH can be used to further 
distinguish between oils. However, in highly biodegraded oils, not only were the 
n-alkanes completely removed, but the lighter BTEX, naphthalene and C3-
benzene fractions, and the alkyl substituted C1- and C2-naphthalene series were 
also greatly reduced. In some cases the heavier PAH including phenanthrene 
and pyrene series are also reduced in abundance. 
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Figure 1.1. GC-FID chromatograms of marine oil (A) non-biodegraded oil (Caswell-2) 
and (B) heavily biodegraded oil (Cornea-1). 
Figures taken from present study and will be discussed later in Chapter 6. 
 
The UCM is thought to comprise compounds, which are relatively inert to 
microbial degradation. The general consensus is that the UCM is a mixture of 
many structurally complex isomers and homologues of branched and cyclic 
hydrocarbons [17,18]. Some UCM consist, in part, of mixtures of fairly simple 
compounds comprising unsubstituted alkyl chains up to C19 [19,20]. Clearly, 
thre is scope for further studies on characterisation of UCM. 
1.1.2 Petroleum Biomarkers 
In highly biodegraded oil, the n-alkanes and branched alkanes are usually 
completely depleted, the PAH and their alkyl homologues highly degraded, and 
diagnostic ratios of target PAH dramatically change from the souce oil. 
Therefore, it is sometimes impossible to identify highly biodegraded oil samples 
merely through n-alkane and PAH distribution patterns. 
 
The term “biomarker” evolved from early product-precursor relationships and 
was proposed in the 1960 [21]. Biomarkers are defined here as compounds 
derived from biological sources that retain some, if not all, of the structural 
characteristics of their parent precursor molecule after being preserved in the 
geological record or released into the environment. Hence, they can be traced 
back to their biological origin. The relevance of those naturally derived saturated 
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and aromatic hydrocarbons to environmental geochemistry became evident 
when polycyclic aromatic hydrocarbons (PAH) of anthropogenic or geogenic 
origin were found in recent and contemporary sediments [22,23] 
 
Due to the increasing need to identify the origin and sources of crude oil, 
geochemists and analysts became increasingly interested in geochemical 
biomarkers. Crude oil contains numerous “chemical fossil” or “biomarker” 
molecules, which are resistant to biodegradation and originate in the crude oil 
through transport of organic molecules produced by living organisms [24]. 
Petroleum geochemists often use biomarker molecules in oil exploration 
because biomarkers can relate crude oil to its source and indicate oil maturity or 
specific chemical processes [25]. Analytical chemists also used biomarkers to 
trace spilled, weathered and biodegraded petroleum pollution in the 
environment. The enhanced stability of some biomarkers allows one to identify 
the origin of pollution and to monitor the ecological impact even at severe 
degradation stages [26]. 
 
Biomarkers have had extensive applications in petroleum geochemistry as 
organic matter maturity, source, and alteration indicators [25,27]. However, the 
saturated and aromatic hydrocarbon biomarker derivatives, rather than the 
natural product precursors, are mainly utilized for petroleum geochemistry and 
in fossil fuel pollution studies. The major biomarker series of interest in 
petroleum geochemistry are the isoprenoids, hopanes, tricyclic terpanes, 
steranes and specific or unique biomarkers. The carbon number distributions, 
biomarker compositions and other geochemical parameters of marine 
hydrothermal petroleums generally reflect the source organic matter and the 
degree of thermal alteration or maturity [21] 
 
The isoprenoid molecules, such as pristane (Pr) and phytane (Ph) are the two 
best-known and abundant biomarkers found in unbiodegraded or partially 
biodegraded crude oils, which derive from the phyto side-chain of the 
chlorophyll molecules degradation as well as from direct bacterial input [28].  
 
Pristane and phytane can be used as biomarkers for phytoplankton. Sterane, 
hopanes and triterpanes are other classes of petroleum biomarkers that have 
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been widely used for fingerprinting oil sources [26,29,30]. Steranes and the re-
arranged diasteranes, were originally sterols in living organisms that underwent 
structural changes during the process of diagenesis and catagenesis [31]. 
Sterane biomarkers have a tetracyclic structure and an alkyl side-chain, but 
some also vary in the position of methyl group substitution on the rings, hence a 
wide variety of their stereoisomers is present. The occurrence of unsaturated 
(steranes) or re-arranged compounds (diasteranes) is largely a function of the 
thermal maturity of the organic matter. 
 
Hopanes (including tricyclic and tetracyclic isomers) represent a biomarker 
group derived exclusively from prokaryotic sources. Hopanes are very resistant 
to biodegradation and indeed, may be the most abundant chemically defined 
organic species on earth. Hopanes are the molecular fossils of bacterial 
hopanoids, which themselves serve as membrane fluidising sterols in 
eukaryotic membranes. 
 
Another group of biomarkers is the triterpanes, which derive from triterpenoids 
found in bacteria [24]. Triterpanes are comprised of tricyclic, tetracyclic or 
pentacyclic species, and the most geochemically important group are the 
pentacyclic hopanes. Alkylated naphthalene, phenanthrene and chrysene 
aromatics and the dibenzothiophenanthrene and benzonaphthothiophene 
sulfur-containing aromatics are also considered as biomarkers because these 
aromatic components, like isoprenoids, steranes and hopanes, are persistent 
chemical markers in the petroleum. 
 
Analyses of numerous oil samples from many sources showed that terpanes 
include a wide range of compounds, ranging from C19 to C35 with various 
pentacyclic hopanes (e.g., C29 αβ- and C30 αβ-hopane) predominating [14]. In 
the sterane distributions, the C27, C28 and C29 steranes have the highest 
abundance in most oils. Significant contributions of diasterane compounds were 
also found to be exhibited in some oil samples. 
1.2 Particulate Matters 
Atmospheric aerosols are ubiquitous in the troposphere and play an important 
role in climate and atmospheric chemistry. They include inorganic and organic 
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chemical species. Atmospheric aerosol particles range in size over more than 
four orders of magnitude, from freshly nucleated clusters containing a few 
molecules to cloud droplets and crustal dust particles up to tens of microns in 
size. Average particle compositions vary with size, time, and location, and bulk 
compositions of individual particles of a given size also vary significantly, 
reflecting the particles’ diverse origins and atmospheric processing [32]. 
Pollution from airborne particulate matter (PM) is rapidly becoming one of the 
most important environmental issues, from the 1990s. There is a growing body 
of evidence suggesting that ambient airborne PM levels are strongly associated 
with adverse health effects, ranging from asthma to human mortality [33]. These 
human health effects are found to correlate with the ambient particulate levels 
of less than 10 µm aerodynamic diameter (PM10) and more specifically, its fine 
fraction, with particles less than 2.5 µm aerodynamic diameter (PM2.5).  
 
Polycyclic aromatic hydrocarbons (PAH) are mutagenic compounds present as 
air pollutants formed as byproducts of combustion. After formation and 
emission, PAH partition between the gas phase and atmospheric aerosols. The 
environmental fate of PAH depends, in part, on the distribution of the PAH 
among the aerosol size fractions. Particle size affects the removal rate of the 
associated PAH from the atmosphere by dry and wet deposition [34]. PAH are 
present in both gas and particulate phases, depending on the vapor pressure of 
each PAH. Lighter PAH are found predominantly in the gas phase, whilst those 
with four or more rings are found mainly in the particle phase. 
1.3 Chromatographic and mass spectrometric 
instrumentation for petroleum and particulate matter analysis 
Among several analytical techniques applied to PAH analysis in different types 
of matrices, including petroleum and in aerosols, and soil samples, liquid 
chromatography (LC) and gas chromatography (GC), have been the techniques 
most widely employed. They have been adopted by several governmental 
agencies and recommended in different standard methods [35,36]. However, 
GC is more widely-applicable and preferred to LC due to its generally greater 
selectivity, resolution and sensitivity than LC [37-39]. The use of HPLC for PAH 
in petroleum and aerosol samples is certainly well-established, and the 16 
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priority PAH may be readily separated in reversed-phase mode. However as 
sample complexity increases, HPLC peak-capacity quickly becomes saturated. 
The sensitivity of HPLC is improved where fluorescence can be employed, and 
programmable fluorescence detection offers a method to optimize this for a 
multi-component PAH mixture [40]. Identification of components in HPLC has 
been limited in the past due to lack of mass spectrometry detection in HPLC, 
compared with the more widely available GC-MS technique, especially in 
routine environmental analysis laboratories.  
 
Supercritical fluid chromatography (SFC) has also been employed for 
separation of PAH. In this case, the mobile-phase viscosity is typically 100 
times lower, while the solute diffusion coefficients are 10 - 200 times larger, 
than in regular liquid phases [41]. Sie and Rijnders [42] compared the retention 
of PAH as a function of boiling point for gas-solid chromatography at 460 ºC, 
with helium as carrier gas and supercritical-fluid-solid chromatography at 245 ºC 
using isopropanol. Untreated alumina was employed as adsorbent. In general, 
lower temperatures are required in SFC than in normal GC. However, the 
column pressure drop presents the most serious difficulties [43], decreasing the 
efficiency of this technique. The enhanced solubility of SFC allows larger molar 
mass compounds to be eluted more readily in SFC than in GC. However, SFC 
has lost favour over the years, although there are niche applications that make 
see it becoming more popular in the future.  
1.3.1 Gas Chromatography (GC) 
The use of GC has progressed to the point that it now comprises one to the 
premier standard methods for the determination of PAH in environmental 
matrices, since it was first applied to analysis of PAH in the early 1960s [38]. 
This technique consists of injecting to organic mixture of compounds in a hot 
(~300 ºC) injector, then separating each of the organic compounds based on 
the difference of their boiling points or on the difference of their polarities and 
boiling point. Once injected, the organic molecules are eluted inside a column 
heated in an oven. The column could be packed with a solid absorbent or 
capillary (this will be discussed in more detail later). The temperature inside the 
oven could be constant or increased up to a limit of about 400 ºC. Inside a 
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packed column, organic molecules interact with a solid absorbent/support 
phase at the gas phase boundary. In a capillary column, the separation occurs 
by interaction of the organic molecules with a thin film of polymer coating the 
inside of the glass column. A carrier gas is used to effect the separation and the 
elution of the organic compounds through the column. Different types of 
detectors could be used to analyze the organic compounds. The most common 
is the flame ionization detector (FID). Organics are “burned” and form charged 
entities. A current is produced and measured by a bias between the burner jet 
and a collector electrode placed inside the detector. The current is 
approximately proportional to the amount of organics eluting through the 
column.  
 
Other detectors such as a mass spectrometer (MS) could be used for detecting 
organic molecules. It is based on detecting charged fragments of organics after 
bombardment by an ionizing beam of electrons (for the EI process). This 
detector allows quantification and accurate qualitative identification of organic 
compounds separated by GC.  
 
 In general, PAH detection in GC has been carried out employing flame 
ionization detection (FID), however, its response to all molecules containing 
carbon and hydrogen makes the FID a non-specific detector. The coupling of 
GC with MS shows higher selectivity and sensitivity with respect to conventional 
GC [44], especially in selected ion monitoring (SIM) mode. Several mass-
measurement modes in mass spectrometry have been employed for petroleum 
and aerosol analysis. The most common modes include time-of-flight (TOF) 
[45], ion trap [46,47] and quadrupole mass spectrometers (qMS) [48]. The latter 
is the most widely adopted as a routine MS instrument in routine laboratory 
situations, and thus is commonly applied to PAH analysis. This technique is 
usually operated in the electron ionization (EI) mode, in either full mass scan 
range (scan mode) or via measurement of specific ion masses for target 
molecules (SIM mode). The sensitivity in the SIM mode is higher than in the 
scan mode due to the increased dwell time on each monitored ion, reaching 
down to ppt level concentrations (depending on upon the degree of sample pre-
concentration steps) and making it preferred for trace analysis in some matrices 
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such as in atmospheric aerosols [49] and food samples, e.g. barbecued meat 
sausages [50]. In the atmospheric aerosol study, good resolution was achieved 
for the quantification of PAH via the chromatographic separation, combined with 
MS operation in SIM mode with selection of molecular mass ions or other 
characteristic fragment ions corresponding to the EI fragmentation pathways. 
Consequently, a sensitive and selective method was obtained. Hays et al. [51] 
employed a direct thermal desorption/GC-MS method to determine the PAH 
composition in size-segregated aerosols from residential wood combustion, and 
Waterman et al. [52] used thermal desorption GC-MS for quantification of PAH 
in the NIST standard reference material (SRM1649A) urban dust.  
 
Other researchers employed solid-phase extraction and GC-MS in SIM mode 
for determination of PAH in aerosol [53]. Recently, Wei et al. [54] proposed 
microwave-assisted thermal desorption coupled with headspace solid-phase 
microextraction (MAD/HS-SPME)  and GC-MS for monitoring of PAH in air; 
results indicated this method to be a simple, rapid, convenient, sensitive, and 
toxic-organic-solvent-free procedure for isolation of PAH from XAD-2 (resin 
adsorbent for sampling non-polar pollutants) prior to GC-MS. The PAH 
derivatives – nitro-PAH or sulfur-PAH – can be analyzed with a specific 
nitrogen-phosphorous detector (NPD) and photometric ionization detector (PID), 
respectively. However, GC-MS in the negative chemical ionization (NCI) mode 
has been the most widely employed for nitro-PAH. Positive chemical ionization 
(PCI) and NCI have been applied to analysis of PAH in smoked fish and oil 
samples [55]. Crimmins et al. [56] measured PAH and nitro-PAH concentrations 
in urban particulate matter by GC-MS, while Meyer Reckendorf [57] and 
Schubert et al. [58] employed GC-MS to determine phenyl-substituted polycyclic 
aromatic compounds in ring furnace gases and PAH with molecular weight 300 
and 302 in environmental-matrix SRMs, respectively. Lee et al. [59] used GC-
MS and GC-high resolution mass spectrometry (GC-HRMS) for source 
identification of urban airborne PAH, concluding that the use of GC-HRMS for 
detailed compound identification and of high resolution mass spectrometry for 
alkyl-PAH distribution monitoring can greatly aid in the characterization of 
airborne PAH and in the identification of pollution sources. 
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Figure 1.2(A) illustrates the classical approach to analysis of a typical 
environmental sample. Here, aerosol particulate material (PM2.5) was sampled 
in Mexico City, extracted, and analyzed by using GC-MS. The total ion 
chromatogram (TIC) trace 1.2(A) is a complex ‘forest’ of organic compounds, 
typical of these samples, and in order to extract quantitative data on individual 
compounds it is usual practice to perform SIM or extracted ion analysis. Figure 
1.2(B) to 1.2(H) is a series of plots of various ions that target 2-to-7 ring PAH. 
Each provides a peak area measure that can be used quantitatively. The traces 
also show that considerable interference occurs from compounds that also 
fragment to produce ions in common with those of the target compounds.  
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Figure 1.2. (A). TIC of organic matter extracted from particles < 2.5 µm (PM2.5). (B)  
Naphthalene-d8 (136 m/z), naphthalene (128 m/z). (C) Phenanthrene-d10 (188 m/z), 
phenanthrene (178 m/z), anthracene-d10 (188 m/z), anthracene (178 m/z). (D) 
Fluoranthene-d10 (212 m/z), fluoranthene (202 m/z), pyrene-d10 (212 m/z), pyrene 
(202 m/z). (E) Benz[a]anthracene-d12 (240 m/z), benz[a]anthracene (228 m/z), 
chrysene-d12 (240 m/z), chrysene and thiphenylene (228 m/z). (F) B[b]F-d12 (264 
m/z), B[b]F (252 m/z), B[k]F-d12 (264 m/z), B[j]F+B[k]F (252 m/z), B[e]P-d12 (264 m/z), 
B[e]P (252 m/z), B[a]P-d12 (264 m/z), B[a]P (252 m/z), perylene-d12 (264 m/z), 
perylene (252 m/z). (G) I[1,2,3-cd]P-d12 (288 m/z), I[1,2,3-cd]P (276 m/z), B[ghi]P-d12 
(288 m/z), B[ghi]P (276 m/z). (H) Coronene (300 m/z). In parenthesis are indicated the 
molecular ions of different unsubstituted ring-number aromatics.  
Figures taken from present research, and reported in [60]. 
 
1.3.2 Fast Gas Chromatography 
Fast GC is one technique that offers faster analysis times, potentially higher 
resolution, and higher signal/noise ratios with respect to traditional GC. Usually 
fast GC is a consequence of translating conditions to shorter columns, with 
G 
H 
Retention time (min) 
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narrower i.d and film thicknesses df, operated at higher temperature 
programming rates with hydrogen carrier gas. However, applied sample 
injection mass must be reduced otherwise the column exhibits overload more 
readily if higher concentrations of analytes are injected. Additionally, due to 
faster chromatographic peak flux at the detector, it is necessary to employ 
faster detector acquisition rates, which has in the past limited the detector 
options to detectors such as FID, ECD and TOFMS. More recently, qMS has 
been available in faster mass scan rate options, which permits faster GC peaks 
to be recorded. A review by Matisova and Domotorova [61] summarized the 
advantages of faster GC analysis, general approaches to faster GC method 
development and practical aspects of fast GC with utilization of open tubular 
capillary columns with the stress on trace analysis. Fast separation of 40 
commonly used solvents could be achieved in a single analysis in less than 4.9 
min by using a 10 m long capillary column with 0.10 mm internal diameter (i.d.) 
[62]. Hamilton and Lewis [63] employed fast GC-TOFMS for assessment of the 
monoaromatic compound complexity in urban air and gasoline. The high 
spectral acquisition rates of TOFMS gave improved peak deconvolution of 
overlapping analytes when compared to standard qMS configurations, with 89 
monoaromatic isomers isolated in gasoline during a 200 s GC separation. 
Pavon et al. [64] proposed fast GC coupled with headspace sampling for the 
identification of the sources of contamination in soils due to the presence of 
hydrocarbons derived from petroleum. The total time of the chromatographic 
analysis per sample was less than six min. It is important to recognize that fast 
GC methods usually are developed to increase sample throughput – increase 
laboratory productivity – rather than address the more pressing problem of 
seeking solutions to increasing the separating power of GC methods. Since 
separation is intimately intertwined with identification capability, then more 
complex sample mixtures with increasing numbers of unresolved components 
will generally mean reduced identification precision. Single column GC methods 
have not significantly advanced analysis capability in respect of increased peak 
capacity (total number of resolvable peaks) over the last decade or two – which 
is a result of single column capillary GC almost reaching its limiting efficiency, 
and so we must seek alternative strategies if greater resolution is sought. 
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1.3.3 Multidimensional Gas Chromatography (MDGC) 
Multidimensional gas chromatography (MDGC) is a hyphenated technique that 
can be used to provide greater separation power, normally for specific (poorly 
resolved) regions of a GC analysis; it is equally relevant to improved separation 
of classes of components in complex samples. In the MDGC technique, the 
components are subjected to two (or more) mutually independent separation 
steps/mechanisms via two (or more) serially-arranged columns; once 
separated, the components must remain separated until the overall analysis is 
completed [65]. A detailed explanation of the development of MDGC can be 
found in Refs. [66,67]. Schomburg et al. [68] used MDGC for direct 
determination of phenanthrene and methyl-phenanthrene isomer distribution in 
crude oils. They stated that since MDGC is a less time-consuming analytical 
procedure than other coupled chromatographic systems, such as LC-GC, an 
expectation is that an advanced technique, such as MDGC will be a valuable 
tool for an enhanced (or complete) separation of complex mixtures of toxicants. 
The detectors of choice for MDGC analysis for this field are the ECD (for 
organohalogen analysis) and the MS operated in SIM mode because of their 
high sensitivity and specificity. The resolution of a MDGC system is determined 
by the column(s) dimensions and the difference in separation power between 
the two stationary phases [69]. Fullana et al. [70] applied MDGC coupled with 
time-of-flight mass spectrometry for the analysis of pyrolytic oils. Their results 
showed that more than 70% of the total number of chromatogram peaks could 
be identified with MDGC, whereas only 47% could be identified in the best case, 
with conventional 1D GC. The increase in the number of identified products is 
due to increased separation achieved with MDGC. This increases the 
understanding of pyrolytic product distribution, and can be used to enhance the 
understanding of the formation mechanism of important pyrolytic products, 
including PAH. Whilst much of the literature of MDGC was generated a number 
of decades ago, and from the research literature one may believe that little 
interest has been maintained in this technique in the past decade, there has 
always been a recognition that MDGC does offer increased analysis capability. 
The perceived increased complexity of MDGC systems may have contributed to 
its lack of popularity, but more recently improved implementation methodologies 
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have become available that may address this problem. However, other 
hyphenated GC methods have become available more recently that have re-
established the coupled column methodology but in new, innovative 
arrangements (see below).  
1.3.4 Gas chromatographic columns for petroleum and aerosol 
analysis 
The chromatography column is the “heart” of the chromatographic system. One 
of the criteria in column selection is often the need to achieve adequate – or 
maximum – separation between the target compounds. Another is to ensure 
that the stationary phase is compatible with a majority of the sample 
components. Thus ‘polar’ phases are chosen for analysis of samples 
comprising ‘polar’ compounds, for example polar polyethylene glycol phases for 
oxygenated compounds in essential oils. The selectivity of stationary phases 
used in GC for PAH in petroleum and aerosol samples has been widely studied 
[71,72]. PAH analysis with a single chromatography column has been 
continuously developing through the years, eg. by substituting the packed 
column by the capillary column (open tubular columns). Methyl and phenyl 
substituted polysiloxanes have been the stationary phases most widely used to 
separate PAH. This may be because quite simply they are the most common 
phases for routine analysis, or because they tend to be the most thermally 
stable and so can be used for samples that have higher boiling point 
components (ie. larger multiring PAH). Columns between 25 and 60 m, with 
inner bore diameters between 0.25 to 0.53 mm and film thicknesses between 
0.25 - 1.0 µm are commonly employed, but this is dependent upon the retention 
property considerations. The resolution of isomers of different classes of 
compounds increase with the number of substituted phenyl groups in the 
stationary phase, however, an important limitation with these polar phases, is 
their temperature limits which may be only up to 300 ºC, and higher phase 
phenyl content provokes stronger retention of the heavier PAH. The smectic 
liquid-crystalline phases for PAH separations have been reviewed by Poster et 
al. [37]. These types of columns offer a better selectivity for some isomers of 
PAH which are commonly overlapped in a traditional 5% phenyl 
methylpolysiloxane [37,73]. The selectivity of the phase is based on its shape-
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sensitive relative retention property, which is able to provide resolution of 
compound pairs that cannot be readily separated on conventional phases, 
provided the peak pairs have suitable shape difference. More recently, liquid-
crystalline columns of a 50% dimethyl:50% (mole fraction) liquid-crystalline 
polysiloxane phase having a greater operating temperature range than previous 
smectic phases [74], have become commercially available. This has proved to 
be capable of analyzing up to six-ring PAH (C24H14, 302 gmol-1) [58]. Recently 
developed column phases are discussed by Poster et al. [35].  
1.4 Comprehensive two-dimensional gas chromatography 
(GC×GC) analysis of complex samples 
1.4.1 Introduction to GC×GC  
Environmental samples are generally complex, often with more than hundreds 
of compounds and isomers spread over a wide concentration and volatility 
range. Therefore, conventional 1D GC methods have fundamental and practical 
resolution limits when challenged to separate hundreds of compounds in 
complex mixtures. Comprehensive two-dimensional gas chromatography 
(GC×GC) was reported in 1991 by Phillips [75]. Over the years the principles of 
this technique have been covered by a number of review papers [76-78] and 
text chapters [79,80]. GC×GC is a true multidimensional method, because the 
entire sample is subject to all (two, in this case) dimensions of separation, and 
any subsequent separation dimension preserves the separation obtained in the 
previous separation dimension [81]. GC×GC relies on the use of two separation 
columns, each with a different separation mechanism towards target sample 
components. The sample is subject to a GC system containing two different 
columns connected in series with a modulator near their junction, in such a way 
that the separation achieved in the first column is retained in the second 
column. The schematic diagram of a GC×GC system is shown in Figure 1.3. 
The system shown here only uses one GC×GC oven and therefore the 
temperature of both columns is similar, however, a separate oven can be used 
for the second column to allow independent temperature programming or 
control. The modulator periodically collects a fraction of effluent from the first 
column (1D), as a series of concentrated zones, each of which is re-injected into 
the secondary column (2D) as a narrow band. In order to preserve the 
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separation accomplished in the first dimension, the relative speeds of the two 
columns must be such that the second dimension chromatogram is produced 
fast enough to complete the analyzes of peak zones sampled from the first 
column, before the next modulation or re-injection event. Thus, column 2 is 
typically short and has a narrow bore. 
 
inj det
1D
column
join
2D
M
modulator
control
 
 
Figure 1.3. Simplified schematic diagram of a GC×GC system, showing 1D and 2D 
columns and modulator M located near the coupling of the two columns.  
Figure taken from present study and pubslished in [60] 
 
Ideally, the different separation dimensions must be orthogonal, ie. the retention 
on each column must be independent of each other. Whilst achieving true 
orthogonality may be arguable in two GC dimensions, the requirement in 
GC×GC is that the stationary phase of the second column must be distinctively 
different from that of the first. ‘Orthogonality’ information can be used as a tool 
in predicting two-dimensional chromatograms [82]. Thus, there are no fixed 
rules as to the combination of column phase types, as long as they provide 
some measure of orthogonal separation, and the final decision will be based on 
such fundamental considerations as ‘has an acceptable separation been 
achieved?’ This is due to the fact that different compounds undergo different 
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separation mechanisms in the 2D space, which may be considered as a 
‘chemical separation’ map. The first column in general is a long, non-polar 
column with typical dimensions of 15 - 30 m × 0.25 mm with a thick film ranging 
from 0.25 to 1 µm (or more), which will produce relative broad peaks of 10 s. 
The second dimension column is usually a very short (~1 m), narrow bore 
(typically 100 µm) open-tubular column, which helps in obtaining an efficient, 
fast separation in the second dimension to produce a large system peak 
capacity while minimizing total time required.  
 
A recent review series by Adahchour et al. [83-86] describes the literature on 
comprehensive two-dimensional gas chromatography highlighting 
developments in the period 2003-2005, devoting attention to a wide variety of 
applications and to analytical performance, including the analysis of PAH in soil, 
sediment, aerosol and cigarette smoke. Recently Ryan and Marriott [87], 
reviewed comprehensive two-dimensional gas chromatography (GC×GC), and 
presented an overview of the principles of the technique, the state of-the-art of 
the instrumentation and other applications perspectives. This technique can 
improve the resolution and the detection sensitivity of those organic compounds 
present in a complex mixture. One example is the combination of large volume 
splitless injection and GC×GC applied by Cavagnino et al. [88] to analyse PAH 
in composite diesel fuel. The three main advantages of GC×GC are: 1. a high 
separation capacity, 2. a higher sensitivity and, 3. generation of structured 
chromatograms. Beens et al. [89,90], evaluated a homemade moving cryogenic 
modulator for use in a GC×GC system for the separation of 80 very polar and 
nonpolar surface water contaminants, including some PAH less than four rings. 
The performance of this less complex modulator is comparable to that of a 
sweeper modulation system described elsewhere, but the sweeper is no longer 
used [91]. 
 
Figure 1.4 shows an example of analysis of standards of various PAH mixtures, 
by using GC×GC-TOFMS, and GC×GC-FID (Figure 1.4(A) and 1.4(B) 
respectively). The PAH as a group tends to display a rather narrow trend 
pattern in elution of successive members, which implies that their retention 
exhibits somewhat of a correlated distribution in the 2D space, and means that 
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their boiling points and polar nature are somewhat correlated. This observation 
was reported in previous study of analysis PAH in soil [92]. However it is known 
that derivatised PAH display deviations from the trend (as seen in Figure 1.5 
later in this chapter). The expanded inset to Figure 1.4(A) shows that some 
isomers are not well resolved, because their second dimension retention 
similarity does not allow differentiation in the 2D column. The mixture result 
presented in Figure 1.4(B) comprises deuterated standards, which are not 
easily seen on the scale of the diagram, but in some cases, the earlier elution 
time of the deuterated standard can be seen just prior to the non-deuterated 
standard. In these cases, second dimension separation is negligible. 
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Figure 1.4. Analysis of standard of PAH and deuterated-PAH. (A) is GC×GC-TOFMS 
analysis of the EPA and EU PAH standard mixture, with summed masses as indicated.  
(B) is GC×GC-FID analysis. Conditions for the latter analysis were: H2, 1.0 mL/min, 
Oven program: 60 oC-0 min, 20 oC/min, 150 oC/min-0min, 3 oC/min, 340 oC-0min. 1D 
column: BPX35, 25m x 0.22mm x 0.25µm film thickness (df). 2D column: BPX50, 1m x 
0.1 mm x 0.1µm df. 5 s modulation period 
Figure taken from present study and published in [60] 
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1.4.2 Comments on aspects of complex samples analysis by using 
GC×GC 
Due to the extreme complexity of environmental samples, GC×GC becomes an 
attractive approach for the detailed analysis of petroleum and particulate matter 
samples. Over the years the GC×GC technique has been studied and applied to 
many different samples including, cigarette smoke [93], natural fats and oils 
[94], volatile components of Rosa damascene mill [95] and recently, incense 
smoke, in which the products generated by the combustion process of the 
incense were able to be readily identified in contrast to the volatile components 
present in the original incense aroma; many of the combustion products were 
PAH and derivatised PAH [96]. The main advantage of GC×GC over 
conventional GC and multidimensional GC is that GC×GC is able to separate 
thousands of compounds, including PAH and their isomers, in complex mixtures 
including crude oil [97,98]. The peak capacity in GC×GC is much higher 
because the compounds are separated ‘simultaneously’ on two columns instead 
of one. Sensitivity of detection (detection limits) are also improved due to the 
refocusing process in the modulator.  
 
Selection of column configurations in GC×GC is the most important aspect in 
separations of PAH or any other desired separations. In general the first 
dimension column will be the column that is used for conventional GC 
separation. A low/non-polar column such as a 5% phenyl-methylsiloxane 
column is a suitable stationary phases for the separation of PAH [99] and 
therefore often used as a first dimension column in GC×GC for separation of 
environmental samples. Due to the suitability and ability to separate wide 
ranges of compounds in various matrices, thus polar column for the second 
dimension separation is a short, narrow bore 50% phenyl-
methylpolysilphenylene-siloxane stationary phase column, most commonly 
used in the GC×GC. However, other stationary phase combinations, such as a 
liquid-crystal phase (LC 50) [92], ethyleneglycol/siloxane copolymer phase [100] 
and cyanopropylphenylmethylpolysiloxane phase [2] also can be employed for 
separations of PAH in environmental samples and petrochemicals. Table 1.1 
lists a range of studies and column sets reported for a variety of GC×GC 
applications, with petroleum and related samples. 
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Table 1.1. Examples of comprehensive two-dimensional gas chromatography applications, and column set used in GC×GC analysis. 
Authors First dimension (1D) column Second dimension (2D) column Applications Year Refs. 
Frysinger and 
Gaines 
3.5 m × 0.10 mm × 3.0 µm 5% Phenyl-
methylsiloxane (007-2, Quadrex) 
1.0 m × 0.10 mm × 0.14 µm Ethylene 
glycol/siloxane copolymer (007-CW, 
Quadrex) 
Petroleum 1999 [100] 
Gaines and 
Frysinger 
Polydimethylpolysiloxane  
(007-1, Quadrex) 
2.0 m × 0.10 mm × 0.10 µm 14% 
Cyanopropylphenyl methylpolysiloxane 
(007-17-1, Quadrex) 
Oil spill 1999 [2] 
van Deursen et al. 10 m × 0.25 mm × 0.25 µm 100% Dimethylpolysiloxane (DB-1) 
0.70 m x 0.10 mm x 0.10 µm 50% 
Phenyl Polyphenylenesiloxane (BPX50) Oil samples 2000 [101] 
Frysinger and 
Gaines 
10 m × 0.10 mm × 0.50 µm 
Polydimethylpolysiloxane  
(007-1, Quadrex) 
0.50 m x 0.10 mm x 0.10 µm 50% 
Phenyl Polyphenylenesiloxane (BPX50) Petroleum biomarkers 2001 [24] 
Reddy et al. 
9.5 m × 0.10 mm × 0.50 µm 
Polydimethylpolysiloxane  
(007-1, Quadrex) 
0.75 m × 0.10 mm × 0.14 µm 14% 
Cyanopropylphenyl polysiloxane (007-
1701, Quadrex) 
Sediments 2002 [102] 
Frysinger et al. 
9.5 m × 0.10 mm × 0.50 µm 
Polydimethylpolysiloxane  
(007-1, Quadrex) and 13 m × 0.10 mm × 
0.35 µm Polydimethylpolysiloxane  
(007-1, Quadrex) 
1.0 m × 0.10 mm × 0.10 µm 
Trifluoropropylmethyl polysiloxane (RTX-
200) and 2.0 m × 0.10 mm × 0.35 µm 
14% Cyanopropylphenyl 
methylpolysiloxane (007-17-1, Quadrex) 
Diesel fuel and 
sediments 2002 [6] 
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Dalluge et al. 30 m × 0.25 mm × 0.10 µm 5% Phenyl-
methylpolysiloxane (DB-5) 
1.0 m × 0.10 mm × 0.10 µm  
Polyethylene glycol (Carbowax) 
Cigarette smoke 2002 [103] 
Ong et al. 30 m × 0.25 mm × 0.25 µm 5% Phenyl Polysilphenylene-siloxane (BPX5) 
1.2 m x 0.10 mm x 0.10 µm 50% Phenyl 
Polyphenylenesiloxane (BPX50) and 
0.80 m x 0.10 mm x 0.10 µm liquid 
crystalline (LC50) 
Soil 2003 [92] 
Frysinger et al. 
9.5 m × 0.10 mm × 0.50 µm 
Polydimethylpolysiloxane  
(007-1, Quadrex) 
0.75 m × 0.10 mm × 0.14 µm 14% 
Cyanopropylphenyl polysiloxane (007-
1701, Quadrex) and 2.0 m × 0.10 mm × 
0.10 µm γ-cyclodextrin (RT-γDEXsa) 
Petroleum 
contaminated 
sediments 
2003 [9] 
Hamilton and Lewis 25 m x 0.32 mm x 4 µm 100% Dimethyl Polysiloxane (BP1) 
2.5 m x 0.10 mm x 0.10 µm 50% Phenyl 
Polyphenylenesiloxane (BPX50) Urban air and gasoline 2003 [104] 
Kallio et al. 20 m x 0.25 mm x 0.25 µm 5% Phenyldimethylpolysiloxane (ZB-5) 
0.75 m × 0.10 mm × 0.10 µm 14% 
Cyanopropyldiphenyl 
dimethylpolysiloxane (BGB-1701) 
Urban aerosols 2003 [105] 
Welthagen et al. 30 m × 0.25 mm × 0.25 µm 5% Phenyl Polysilphenylene-siloxane (BPX5) 
1.5 m x 0.10 mm x 0.10 µm 50% Phenyl 
Polyphenylenesiloxane (BPX50) 
Airborne particulate 
matter 2003 [106] 
Hamilton et al. 
10 m × 0.18 mm × 0.18 µm 5% phenyl-
95% methyl -polysiloxane (RTX-1, 
Crossbond) 
1.66 m x 0.10 mm x 0.10 µm 14% 
Phenyl Cyanopropylphenyl-polysiloxane 
(DB17) 
Urban aerosol 2004 [107] 
Vendeuvre et al. 20 m × 0.2 mm × 0.50 µm Dimethylpolysiloxane (PONA) 
1.1 m x 0.10 mm x 0.10 µm 50% Phenyl 
Polyphenylenesiloxane (BPX50) and 1.1 
m x 0.10 mm x 0.10 µm 
Polyethyleneglycol (CPWax) 
Petrochemical 2004 [108] 
Schnelle-Kreis et al. 
30 m × 0.25 mm × 0.25 µm 100% 
Dimethyl Polysiloxane (RTX-1, 
Crossbond) 
1.0 m × 0.10 mm × 0.10 µm Solgel-Wax Ambient aerosol particles 2005 [109] 
Vendeuvre et al. 10 m × 0.20 mm × 0.50 µm Dimethylpolysiloxane (PONA) 
0.80 m x 0.10 mm x 0.10 µm 50% 
Phenyl Polyphenylenesiloxane (BPX50) Middle-distillates 2005 [110] 
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Vendeuvre et al. 10 m × 0.20 mm × 0.50 µm Dimethylpolysiloxane (PONA) 
0.80 m x 0.10 mm x 0.10 µm 50% 
Phenyl Polyphenylenesiloxane (BPX50) Heavy naphtha 2005 [111] 
Nelson et al. 
30 m × 0.1 mm × 0.40 µm 100% 
Dimethyl Polysiloxane (RTX-1, 
Crossbond) 
0.82 m x 0.10 mm x 0.10 µm 50% 
Phenyl Polyphenylenesiloxane (BPX50) Oil spill 2006 [112] 
Van De Weghe et 
al. 
30 m × 0.32 mm × 0.25 µm 100% 
Dimethyl Polysiloxane (RTX-1) 
0.80 m x 0.10 mm x 0.10 µm 50% 
Phenyl Polyphenylenesiloxane (BPX50) Oil contaminated soil 2006 [113] 
Tran et al. 
30 m × 0.25 mm × 0.25 µm 5% Phenyl 
Polysilphenylene-siloxane (BPX5) and 30 
m × 0.25 mm × 0.25 µm Solgel-Wax 
1.0 m x 0.10 mm x 0.10 µm 
Polyethylene glycol (BP20) and 1.0 m x 
0.10 mm x 0.10 µm 100% Dimethyl 
Polysiloxane (BP1) 
Crude oil and bitumen 2006 [114] 
Ochiai et al. 30 m × 0.25 mm × 0.25 µm 5% Phenyl Polysilphenylene-siloxane (BPX5) 
1.0 m x 0.10 mm x 0.10 µm 50% Phenyl 
Polyphenylenesiloxane (BPX50) Nanoparticles 2007 [115] 
Reddy et al. 
7.5 m × 0.10 mm × 0.10 µm 5%  
100% dimethylpolysiloxane  
(Restek Rtx1 Crossbond)) 
2.0 m x 0.10 mm x 0.10 µm 50% Phenyl 
Polyphenylenesiloxane (BPX50) Crude oils 2007 [116] 
Vogt et al. 30 m × 0.32 mm × 0.25 µm 5% Phenyl Polysilphenylene-siloxane (BPX5) 
1.5 m x 0.10 mm x 0.10 µm 50% Phenyl 
Polyphenylenesiloxane (BPX50) Aerosol sample 2007 [117] 
Mao et al. 
7.5 m × 0.10 mm × 0.10 µm 5%  
100% dimethylpolysiloxane  
(Restek Rtx1) 
2.5 m x 0.10 mm x 0.10 µm 50% Phenyl 
Polyphenylenesiloxane (BPX50) Oils and oil pollutions 2008 [118] 
Ventura et al. 30 m × 0.25 mm × 0.25 µm 5% Phenyl Polysilphenylene-siloxane (DB5) 
1.5 m x 0.10 mm x 0.10 µm 50% Phenyl 
Polyphenylenesiloxane (BPX50) UCM in Sediments 2008 [119] 
Mao et al. 30 m × 0.10 mm × 0.10 µm 5%  
100% dimethylpolysiloxane (Rtx1) 
2.5 m x 0.10 mm x 0.10 µm 50% Phenyl 
Polyphenylenesiloxane (BPX50) UCM in Motor oils 2009 [120] 
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Once the two columns and the operating conditions are properly ´tuned´, the 
technique is able to provide a detailed characterization of complex samples, 
such as oil fractions [91]. Many detectors, including nonselective detectors such 
as FID, and selective detectors ECD, NPD and other detectors such as qMS, 
TOFMS are commercially available from different suppliers that can be used in 
conjunction with GC×GC for detection of trace level PAH. However, FID is 
commonly used with GC×GC for the determination of PAH in different matrices 
at which the concentrations are adequate for FID detection. However, FID can 
rarely be used for PAH analysis with 1D GC, due to substantial matrix 
interference. The FID has a negligible internal volume and can acquire data at 
frequencies of up to 200 Hz [121], which is suitable for GC×GC because 
separation of compounds in the second dimension column is very fast, 
producing narrow peaks. Thus fast detectors with small internal volume, a short 
detector rise time and a high acquisition rate ensure a proper re-construction of 
the second dimension chromatogram [78].  
1.4.3 Applications of GC×GC  
1.4.3.1 Petrochemical analysis 
Recent applications of GC×GC using different column configurations and 
detectors for the analysis of petrochemical and environmental samples include 
the analysis of petroleum [122]. This study showed that straight chain and 
branched hydrocarbons are spread along the lower part of the second 
dimension retention time. The two-ring aromatic compounds such as 
naphthalene, biphenyl and their isomers are located at the top of the 2D 
chromatogram (at relatively high 2tR values) because they have the strongest 
interaction and higher relative retention on the polar secondary column. These 
results are consistent with the results reported for tracking the weathering of an 
oil [123]  and oil spill samples [124]  using GC×GC-FID; these results showed 
that the most polar classes, multi-ring PAH such as naphthalene, phenanthrene, 
pyrene, benzo[a]anthracene and chrysene, have the greatest retention on the 
polarity-based separation for the second column. Vendeuvre et al. [125] 
compared conventional GC with GC×GC-FID for the detailed analysis of 
petrochemical samples. Qualitative and quantitative results demonstrated that 
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the improved resolution power of GC×GC permitted greater accuracy in 
component quantification, and correlation of the sample results with the sample 
preparation processes. Group type separation has permitted the detection and 
determination of aromatics at trace level in the olefinic matrix of a petrochemical 
oligomerization process, which is not possible by any other separation method. 
Gaines and Frysinger [126] also reported the advantages of GC×GC for the 
analysis of oil spill, and source identification. The specific advantage provided 
by the high resolving power of GC×GC to permit separation of several hundred 
components from the petroleum matrix was highlighted. Compounds with 
similar chemical structure were grouped together in an ordered two-dimension 
chromatogram and minor components were also separated and detected, which 
allowed facile and rapid visual identification of components such as alkanes and 
PAH in complex samples. GC×GC was also applied to the separation and 
identification of PAH and petroleum biomarkers including steranes, hopanes 
and triaromatic sterane groups by the same researchers [127]. They were able 
to separate PAH and petroleum biomarkers in crude oil; GC-MS was used to 
provide support for peak identification in the GC×GC chromatogram image by 
correlating the first dimension retention time on both GC×GC-FID and GC-MS 
chromatograms. The GC×GC peak patterns of PAH and biomarkers showed 
excellent correspondence to GC-MS extracted ion chromatograms (EIC). For 
example; each sterane component has the 217 m/z fragment in its mass 
spectrum so the 217 m/z EIC has many peaks in common with the GC×GC 
peak pattern. Each hopane biomarker has the 191 m/z fragment in its mass 
spectrum, which has good peak-to-peak correspondence with the peak pattern 
for hopanes in the GC×GC chromatogram. Other biomarkers may be similarly 
identified, such as triaromatic steranes, which have the common 231 m/z ion 
mass spectrum, and both tricyclic and tetracyclic triterpanes which have the 191 
m/z ion in common. However, they were unable to locate the tricyclic and 
tetracyclic triterpanes in the GC×GC chromatogram. Substituted PAH such as 
C2- and C3-naphthalene, fluorene, C1-fluorene, C1- and C2-phenanthrene have 
strong 156, 170, 180, 194, 192, and 206 m/z ions respectively in their EI mass 
spectra, and all exhibit good correspondence to the 1-D peak positions in the 
GC×GC chromatogram. However, GC×GC offers the advantage of the second 
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dimension separation that provides further separation from other matrix 
components, which may also have ions in common with the target PAH 
components. Such studies are typical examples of the specific advantages that 
GC×GC offers for the routine analysis of PAH in complex samples.  
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Figure 1.5. The 1D GC-FID trace (A) of an aromatic-rich sample fractionated from crude 
oil, and shows regions of various 2- and 3-ring aromatics, but identification of individual 
compounds is difficult. Positions of naphthalene and phenanthrene are indicated. 
Overlap of different homologues also occurs. The GC×GC-FID result (B) using a non-
polar/polar column arrangement clearly demonstrates the molecular speciation 
capabilities of GC×GC, and the enhanced separation possible. Here the isomers of a 
particular naphthalene compound are locate in a diagonal fashion. The polar/non-polar 
column arrangement in (C) alters the way the isomers are presented. 
Figures taken from present study and reported in [114] 
 
5 10 15 20 25 30 35 40
3.50
3.00
2.50
2.00
1.50
1.00
First dim ension retention tim e (m in)
Se
co
n
d 
di
m
en
si
on
 
re
te
n
tio
n
 
tim
e
 
(s)
C 1N ap
C 2Nap
C 3N ap
C 4N ap
C 5N ap
C 1Phe
C 2Phe
C 3Phe
M ono-arom atics
Se
co
n
d 
di
m
en
si
on
 
re
te
n
tio
n
 
tim
e
 
(s)
Se
co
n
d 
di
m
en
si
on
 
re
te
n
tio
n
 
tim
e
 
(s)
Chapter 1 Introduction 
32 
Figure 1.5 is a comparison of 1D GC with GC×GC-FID analysis of a crude oil, 
which has been fractionated to produce an aromatic rich sample. As in Figure 
1.5(A), the individual aromatic compounds may not all be readily identifiable, 
although their greater proportion does allow some of their peaks to be 
recognized. The overlaps of isomers of different homologues make identification 
more difficult. The 2-ring and 3-ring PAH that may be used as aromatic (PAH) 
retention index markers are shown as chemical structures on the figures. The 
structure generated by GC×GC is revealed in Figure 1.5(B), with also the 
demonstration of how different homologues are resolved in the second 
dimension through their offset diagonally-related retentions. Whilst 1.5(B) is a 
non-polar/polar column phase arrangement, with larger polyaromatics located 
near the top of the diagram, Figure 1.5(C) contrasts the result with a P/NP 
arrangement, where these homologues are located in horizontal patterns at the 
lower part (i.e. below the alkanes) of the 2D plot as shown by the arrows. 
1.4.3.2 Soil and environmental samples analysis 
Venkatramani and Phillips [128] described the usefulness of GC×GC-FID to 
resolve over six thousand chromatographic peaks in a kerosene sample, 
showing bands of peaks of aliphatics, aromatics and naphthalene derivatives, 
based on their chemical structure. Hyötyläinen et al. [129] described their in-
house modulator for the quantitative analysis of PAH and polychlorinated 
biphenyls (PCBs) in a certified sediment material soxhlet extract. The 
quantitative procedure was evaluated by calculating peak volumes and heights 
from the three-dimensional plot. Frysinger et al. [130] determined PAH and 
alkyl-substituted PAH in a sediment extract from Narragansett Bay, RI, obtained 
with pressurized fluid extraction (PFE) in methylene chloride:methanol 90:10 
and analyzed by GC×GC-FID. A review by Dallüge et al. [78], reported on 
saturated hydrocarbons, biphenylmethane, triphenylethane, alkyl-substituted 
PAH, and PAH of two-to-six rings in a sediment sample from the Virstula river in 
Poland in a pressurised hot-water extract. The toluene extract was analyzed in 
a GC×GC-TOFMS instrument. Morales-Muñoz et al. [131] identified 
fluoranthene and pyrene in marine sediment samples employing ultrasound-
assisted extraction (UAE) and GC×GC-TOFMS. 
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Ong et al. [92] conducted a study on fast-screening of PAH in soil using 
GC×GC. They were able to separate and identify most of the PAH in the soil 
extracts using a BPX5/BPX50 (NP/P) column combination. Identification of PAH 
was based on the comparison of the first and second dimension retention times 
for the reference standards and the soil sample. All the PAH were 
chromatographically resolved with the exception of the coelution of B[b]F with 
B[k]F and indeno[c,d]pyrene with dibenz[a,c]anthracene. They also found that 
PAH with six fused rings such as B[ghi]P are the most strongly retained on the 
second column. GC×GC is the most powerful technique for the analysis of 
volatile compounds in complex environmental samples, which are often 
comprised of thousands of compounds with a wide range of volatility and 
polarity. However, when coupled to mass spectrometry detection, thousands of 
individual components not only can be separated, but many can also be 
identified [132,133]. Frysinger and Gaines [130] used a relatively slow-scanning 
(~2.34 scans/s) quadrupole MS instrument (qMS) with GC×GC for the analysis 
of diesel fuel and sediment extracts. This necessitated employing very slow 
elution conditions for the GC×GC analysis, with a run time of a number of hours. 
Since that report, many other authors have found that the newer generation of 
faster scanning qMS systems is able to provide useful MS identifications, 
without the need to slow down the GC×GC separation excessively. Numerous 
PAH were found in the sample including, phenanthrene, anthracene, 
fluoranthene, pyrene, benzo[a]anthracene, chrysene, I[123cd]P and B[ghi]P. 
Various alkylated PAH were also present in the sample, but they are less 
abundant than the parent PAH.  
1.4.3.3 Aerosols analysis 
GC×GC-qMS has also been applied to the analysis of urban aerosols [105]. 
This group used a scan rate of 18.94 scans/s, and maximized the duty cycle 
frequency by narrowing the monitored mass range and by decreasing the 
number of measurements done with each mass, or by using fewer simultaneous 
SIM ions when only masses of the target compounds are monitored. They 
managed to identify a total of 23 PAH and oxygenated-PAH in urban aerosols. 
However, as a result of the limited mass range, the match quality values were 
not good for most of the PAH (ie. important library-matching ions were not 
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always collected for each compound), but the search provisionally indicated the 
presence of substituted PAH. A recent paper by Van de Weghe et al. [134] on 
application of GC×GC for the assessment of oil contaminated soils using an 
RTX1-BPX50 column phase combination, reported wrap around for the highest 
boiling PAH, but no coelution with other analytes resulted because they eluted 
early in the next modulation cycle. Mass spectrometric detection is usually 
favored when target compound analysis is of interest. Because of the 
requirements for a high sampling rate in ‘conventional’ GC×GC, which produces 
narrow peaks of about 80-150 s width, fast mass spectrometry systems such as 
the time-of-flight mass spectrometer (TOFMS), which has a scanning capability 
that comfortably achieves 50-100 scan/s [132,135], are required. The use of 
TOFMS coupled with GC×GC has proven to solve critical 
separation/identification problems [93,136]. Xu et al. [137] identified about 650 
compounds, including PAH of only two rings, in air samples at Finokalia, Crete, 
employing two sampling techniques: a thermal desorption unit for on-line 
sampling coupled to a GC×GC-FID separation system, and cartridge samples 
collected off-line, and thermally desorbed into a GC×GC-TOFMS. Lewis et al. 
[138] reported one of the first studies employing GC×GC to analyze organic 
pollutants in urban air in Melbourne, Australia. Volatile organic compounds 
including naphthalene were collected with a large-volume re-concentration 
technique and thermally desorbed to a GC×GC-FID system; upwards of 550 
individual compounds were found, with no PAH with more than 2 rings reported. 
Kallio et al. [105] employed GC×GC-FID and GC×GC-qMS to detect 
approximately 1500 peaks and to quantify target PAH in urban air samples of 
Finland, extracted with an ultrasound system. Welthagen et al. [139] analyzed 
the organic composition of PM2.5 in Augsburg, Germany, finding around 15,000 
peaks and quantifying some of the compounds including specific PAH in order 
to establish day-to-day fluctuations in the sample composition. The same 
research group [140] also classified the organic composition of PM2.5 samples 
analyzed by GC×GC-TOFMS, in eleven groups, in which naphthalene, alkyl-
naphthalenes and hydrated naphthalenes contributed to 7% of the total reported 
organic mass. Hamilton et al. [136] found some PAH in PM2.5 samples and over 
10,000 individual organic components identified with thermal desorption 
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GC×GC-TOFMS in London, with special interest in the poly-oxygenated 
species. Schnelle-Kreis et al. [141] quantified and semi-quantified, 200 out of 
the 1500 compounds detected in ambient particles less than 2.5 um diameter 
(PM2.5) on a daily basis, including PAH, alkyl-PAH and oxy-PAH over a 
seventeen months period in Augsburg, Germany, employing thermal 
desorption-GC×GC-TOFMS. In terms of PAH, the same group reported the 
same results in the same matrix [142] but with a meteorological focus. Although 
not a GC×GC study, Zou et al. [143] employed thermal desorption to determine 
PAH in fly ash by use of fast GC-TOFMS. By comparison, Dallüge et al. [78] 
found saturated hydrocarbons in high concentrations, chlorinated benzenes, 
phthalate esters, alkylbenzenes, alkylbiphenyls, terphenyls and 
alkylnaphthalenes in fly ash samples from a household waste incineration plant 
extracted with pentane in a pressurized fluid extractor (PLE), analyzed by using 
GC×GC-TOFMS. Booth et al. [144], applied GC×GC-TOFMS to resolve and 
identify individual petroleum-derived hydrocarbons in unresolved complex 
mixtures (UCMs) in mussel tissue extracts of Mytilus edulis collected at several 
sites on the UK southern coast. Over 3400 peak marker identifiers of 
components in the complex mixture for which the computer algorithm was able 
to assign unique mass spectra were reported, along with describing PAH of two 
rings such as alkyl-indenes and alkyl-naphthalenes. A recent study reported 
hyphenated thermal desorption introduction with GC×GC, and high resolution 
TOFMS with simultaneous MS and nitrogen phosphorous detection, to allow 
MS and NPD characterization of nanoparticles in roadside atmosphere [145]. 
They were able to tentatively identify 50 compounds in roadside atmosphere. 
GC×GC-HRTOFMS allows a group type separation of selected chemical 
classes including PAH and oxygenated PAH, whilst NPD allowed detection of 
15 nitrogen-containing compounds. Lu et al. [146] tentatively identified 290 PAH 
of two and three rings with GC×GC-TOFMS collected on glass fibre pads, that 
were then placed in a sample flask for simultaneous distillation and extraction 
(SDE).  
 
Although orthogonality of separation is often stated as the preferred goal in 
GC×GC, and arguments may suggest that NP/P column sets are more 
orthogonal. However, Adahchour et al. [147] showed that interesting 
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separations were obtained not only under NP/P column phase arrangements, 
but also under P/NP conditions. These researchers compared the separations 
of diesel oil using a more standard arrangement with a non-polar column in the 
first dimension, with the ‘inverted’ phase arrangement of polar column (BP21) 
as the 1D separation and a non-polar (BPX35) 2D column. By using this 
combination of column phases, they obtained a completely inverted separation 
order in the second dimension of alkanes < mono-aromatics < di-aromatics (2-
ring PAH). Vendeuvre et al. [148] also demonstrated characterization of middle-
distillates by ‘normal-phase’ and ‘reversed- (inverted-) phase’ GC×GC, and 
managed to achieve similar separation of saturates, mono-aromatics, di-
aromatics and tri-aromatics (3-ring PAH) as found by Adahchour. The 
‘reversed-phase’ GC×GC experiment was conducted using a column of 
dimensions 10 m x 0.25 mm i.d. x 0.25 µm df BPX50 stationary phase in the 
first dimension and a 0.8 m x 0.1 mm i.d. column x 0.1 µm df DB1 phase in the 
second dimension. Thus column phase polarity inversion provides useful group 
type separation even if the supposed principle of ‘orthogonality’ is not achieved. 
Recently, different column phase configurations for GC×GC analysis of crude oil 
and bitumen were chosen to compare the ‘reversed separation’ of various 
classes of compounds, including low molecular mass PAH such as naphthalene 
and phenanthrene by using a 30 m x 0.25 mm i.d. x 0.25 µm df SolgelWax as 
the 1D column and a 1.0 m × 0.1 mm i.d. × 0.1 µm df BP1 phase as the 2D 
column [97].  
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1.5 Aims of the research project 
 
The primary aim of the research is to employ GC×GC technologies for the 
characterization of crude oils and atmospheric organic compounds. 
 
Oil analysis: 
 
- Chapter 2: To investigate the potential of using an ‘inverted phase’ column set 
up (polar – non-polar) in providing improved separation of classes of 
compounds in crude oil and seep sediments. 
 
- Chapter 6: To explore and characterise the chemical compositions of 
unresolved complex mixture (UCM) in biodegraded oil by using 
GC×GC-TOFMS. 
 
Atmospheric and organic volatiles analysis: 
 
- Chapter 3: To investigate the feasibility of using solid phase microextraction 
(SPME) as an extraction method for the analysis of incense smoke. 
 
- Chapter 4: To use SPME as an extraction method and investigate the potential 
of using nitrogen phosphorous detection and electron capture detection 
for the GC×GC analysis of incense smoke. 
 
- Chapter 5: To apply the concept of selecting a subset of modulated peaks for 
use as a quantification method for atmospheric sample analysis. 
 
In this thesis, each chapter is intended to be ‘stand alone’ and that they will 
include all experimental details. 
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2 
 
 
 
 
 
 
 
 
 
 
Chapter 2: Comparison of column phase configurations 
for comprehensive two-dimensional gas 
chromatographic analysis of crude oil and bitumen 
 
 
 
 
 
2.1 Introduction 
Complex environmental samples such as crude oils and petroleum-based 
products often comprised hundreds or thousands of components. Therefore, 
conventional 1D GC method has fundamental and practical resolution limits 
when challenged with such samples. In order to obtain a complete analysis of 
these samples, it is necessary to employ a multidimensional technique.  
 
As discussed earlier in Chapter 1 (published as “Comparison of column phase 
configurations for comprehensive two-dimensional gas chromatographic 
analysis of crude oil and bitument” in Organic Geochemistry), comprehensive 
two-dimensional gas chromatography (GC×GC) [77] allows the separation of 
highly complex mixtures using two capillary GC columns of different selectivities 
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coupled by a modulator.  This ability to resolve components based on two 
different chemistries, or selectivities, is very attractive for the analysis of 
bitumen and oil, as their components span a wide range of compound boiling 
points and polarities. GC×GC differs from the ‘heart-cut’ methods of GC-GC 
because it accomplishes the two-column analysis of the whole mixture, not just 
selected small regions of a primary column separation. Moreover, GC×GC 
separations using two columns with stationary phases selected for volatility and 
polarity retention mechanisms are very effective for separating complex 
mixtures, since the components are spread widely over a two-dimensional 
retention time plane. The two-dimensional GC×GC chromatograms exhibit 
significant order with components grouped by chemical classes to form the so 
called “rooftile” effect [149], which provides rapid preliminary classifications of 
the separated components as not only naphthenes are separated from the 
paraffins, but also the mono- and dinaphthenes are separated from each other. 
Within these groups there is an ordering based on the branching of the alkyl 
substitutents on the naphthenic ring. The highest degree of branching 
corresponds to the lowest boiling point and lowest retention times on the first 
(non-polar) column.  
 
While it is true that GC×GC produces superior separation and grouping of 
petroleum components, the absolute identification of individual peaks by 
chemical standards is time consuming, costly and sometimes impossible if 
standards do not exist.  
 
Although GC×GC has been popular for application to analysis of petrochemical 
samples [108,149,150], oil spill and biodegradation products [9,102], 
biomarkers [24] and alkenones [151], the technique has not been widely 
employed for the geochemical analysis of oil or bitumen. 
 
In this chapter, it will be shown that using an ‘inverted phase’ column set up 
(P/NP), rather than the more conventional (NP/P) column configuration can 
enhance separation of petroleum hydrocarbons, especially for the non-polar 
compounds of relevance to crude oil analysis and exploration. NP/P is not a 
good choice for non-polar compounds, so if non-polar compounds need to be 
the focus of the study, then it is necessary to use a P/NP column set to resolve 
Chapter 2 Column phase configurations for GC×GC 
 
40 
them better. The P/NP approach had been applied to the characterization and 
analysis of roasted coffee beans [152], food flavour [153] and recently with 
middle-distillates [110] samples. The combination of improved separation and 
enhanced response arising from GC×GC technology also allows identification of 
components not visible to one-dimensional GC. This approach offers rapid 
fingerprinting and screening for characterization of oil and bitumen.  
2.2 Experimental 
2.2.1 Standards 
Linear alkane standard mixtures (C8-C22), platformate, kerosene and PAH 
(polyaromatic hydrocarbon) standard mixtures were used in the present study. 
Platformate and kerosene comprised classes of compounds often encountered 
in petroleum and oil samples. A PAH standard mixture containing naphthalene, 
1,3-dimethylnaphthalene, 3,5-dimethylnaphthalene, fluorene, benzothiophene, 
pyrene, perylene, phenanthrene and 2,6-dimethylphenanthrene was used to 
confirm elution positions and patterns for the PAHs, prior to analysis of an oil 
sample by using GC×GC (data provided by Geoscience Australia). All 
standards were dissolved in pesticide grade hexane prior to GC analysis. A 
Gippsland crude oil (Wirrah-1, GA#857) was used for comparison of the 
GC×GC approaches here. 
2.2.2 Conventional GC system 
Standards and samples were analyzed using an Agilent 6890 GC (Agilent 
Technologies, Burwood, Australia) configured with a split/splitless injector, an 
autosampler and a flame ionisation detector (FID). Hydrogen was used as 
carrier gas in a constant flow mode (1.5 mL.min-1). A polar (Solgel + poly 
(ethylene glycol) phase (SogelWax) capillary column (30 m x 0.25 mm i.d x 0.25 
µm film thickness (df)) and non-polar (5% phenyl polysilphenylene siloxane) 
phase (BPX5) capillary column (30 m x 0.25 mm i.d x 0.25 µm df) were supplied 
by SGE International (Ringwood Australia). The sample was injected in split 
mode with a split ratio of 50:1. The GC oven was programmed from 40 °C to 
280 °C (SolgelWax) or 260°C (BPX5) at 5 °C/min. The injector temperature was 
maintained at 280 °C with FID temperature set at 280 °C. 
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2.2.3 GC×GC system 
The GC×GC system used consisted of the above GC system fitted with a 
modulator.  The modulator used was a longitudinally modulated cryogenic 
system (LMCS) (Chromatography Concepts, Doncaster, Australia). GC×GC 
column set 1 used the 30 m SolgelWax column as the first dimension column 
(1D) (as above) coupled to an a non-polar (100% dimethyl-siloxane) phase 
(BP1) coated second dimension (2D; 1m x 0.10 mm i.d x 0.10 µm df).  GC×GC 
column set 2 used the 30 m BPX5 column (as above) as 1D coupled to a polar 
(polyethylene glycol) phase (BP20) coated capillary column (0.8m x 0.10 mm i.d 
x 0.10 µm df) for the 2D column. All columns were from SGE International 
(Ringwood, Australia), and the 1D and 2D columns were joined using a zero 
dead-volume capillary connector.  Hydrogen was used as carrier gas, at a 
constant flow of 1.5 mL.min-1. The split/splitless injector was operated in split 
mode with a split ratio of 50:1. The injector temperature was maintained at 280 
°C with FID temperature set at 280 °C. 
 
The GC oven for column set 1 was temperature programmed from 40°C to 280 
°C at 5 °C/min and for column set 2, from 40 °C to 260 °C at 5 °C/min. 
Modulation at 0°C was initiated at 4 min. The modulation period (PM) used was 
7.5 s for column set 1 and 5.0 s for column set 2. PM was selected to be slightly 
greater than the second dimension retention time of the most strongly retained 
compound to maximise modulation frequency, and also to prevent wrap-around. 
2.3 Results and Discussion 
2.3.1 1D GC analysis 
The oil selected for the analysis was a Gippsland crude and was chosen for its 
wide range of boiling point components and the relatively low abundance in 
concentration of cyclic and aromatic compounds, the reason being that these 
low abundance compounds illustrate the impact of the unique sensitivity and 
selectivity (separation power) attributed to the GC×GC method. Previously, the 
oil had been analyzed by using conventional single-column capillary 
chromatography with a split injection on a non-polar HP-PONA (50 m x 0.20 
mm id x 0.50 µm df) column (Geoscience Australia results not illustrated) using 
classical GC and GC-MS methods. This revealed a predominance of n-alkanes 
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over a wide range (between C8 to C33), maximising around C22, with low levels 
of isoprenoids (Pr/C17 = 1.9, Ph/C18 = 12.4, Pr/Ph = 5.9). Cyclo-alkanes, 
branched alkanes and aromatics are present, based on GC/MS analysis, but 
could not be readily identified in the 1D GC-FID analysis.  
 
 
 
 
Figure 2.1. Gas chromatogram of Gippsland oil (857) analyzed using a polar Solgel-
Wax coated capillary column 
 
2.3.2 GC×GC analysis 
The Gippsland oil was analyzed successively by using conventional GC, and 
then by using comprehensive, GC×GC, with the same polar column in the first 
dimension. Figure 2.1 shows the split injection result for the oil in 1D GC on this, 
the SolgelWax phase, capillary column. The wax column was selected to 
provide maximum polarity difference when coupled with a non-polar 2D column. 
This should maximise the usage of the separation space for compounds of 
differing ‘polarity’ when coupled with the BP1 column in the GC×GC experiment. 
With the SogelWax column in 1D GC, n-alkanes, and neighbouring isoprenoids 
were resolved as expected (Fig. 2.1) and the overall distributions were largely 
the same as observed using non-polar phases. However, the isoprenoids were 
observed to elute earlier (smaller retention index) than they do with non-polar 
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phase columns. In other words, the Pr was found to elute before C17 and Ph 
elutes before C18 on the polar 1D column. 
 
Most of the previous GC×GC work on petroleum hydrocarbons has employed 
column sets arranged with a non-polar phase before a more polar phase 
(selected examples given in Table 2.1). 
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Table 2.1. Non-polar – polar column sets used in various studies of petroleum related products. 
Samples Year 1D Column  2D Column Reference 
Oil Spill 1999 3.5 m × 0.10 mm i.d × 0.30 mm df, 
(5% phenyl) methylsiloxane Phase 
007-1 Quadrex 
1.0 m x 0.10 mm x 0.14 mm df, 14% 
ethylene glycol/siloxane copolymer Phase 
007-CW Quadrex 
[2] 
Petroleum 1999 13 m × 0.10 mm i.d × 0.35 mm df, 
dimethylpolysiloxane Phase 007-1 
Quadrex 
2.0 m x 0.10 mm x 0.10 µm df, 14% 
cyanopropylphenyl methylpolysiloxane 
Phase 007-17-1 Quadrex 
[100] 
Complex oil fractions 1999 10 & 60 m × 0.25 mm i.d × 0.25 mm 
df,  Phase DB-1 
0.70 & 3.0 m x 0.10 mm x 0.10 µm df, 50% 
phenylpolyphenylenesiloxane Phase 
BPX50 
[154] 
Gasoline 1999 3.8 m × 0.10 mm i.d × 0.35 df, 
dimethylpolysiloxane Phase 007 – 1 
Quadrex  
2.0 m × 0.10 mm i.d × 0.10 µm df, 14% 
cyanopropylphenyl polysiloxane Phase 007 
- 1701 Quadrex 
[155] 
Petroleum biomarkers 2000 10 m × 0.10 mm i.d × 0.50 mm df, 
dimethylpolysiloxane Phase 007 - 1 
Quadrex 
0.50 m x 0.10 mm x 0.10 µm df, 50% 
phenylpolyphenylenesiloxane Phase 
BPX50 
[24] 
Petroleum hydrocarbons in 
Marsh sediments 
2002 9.5 m × 0.10 mm i.d × 0.5 mm df, 
polydimethylsiloxane Phase 007 - 1 
Quadrex 
0.75 m x 0.10 mm x 0.14 µm df, 14% 
cyanopropylphenyl polysiloxane Phase 007 
- 1701 Quadrex 
[102] 
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A similar analysis was carried out on the Gippsland oil using BPX5 coupled to a 
BP20 phase. This configuration has limited temperature stability, because the 
polyethylene glycol phase cannot be used above 260°C. This potentially 
prevents elution of higher molecular weight compounds, however appeared 
adequate for this sample. By using this column set, the mono-, di- and tri-
aromatic components were adequately retained on the 2D (polar) column, in 
which they grouped together in different bands along the second dimension 
according to their polarity differences. This is because the polar column 
effectively separates according to solute specific ‘polar’ interactions between 
solutes and phase. However, overall poor use is made of the 2D space (Figure 
2.2(A)). Excessive retention, but good differentiation, of the di- and tri-aromatics 
is obtained, whilst the alkanes and low polarity solutes exhibit relatively poorer 
retention and separation; greater retention would be desirable for these. For this 
reason, the n-alkanes, cyclic- and branched alkanes and potentially the 
isoprenoids tend to cluster together along the lower part of the chromatogram. 
Thus, differentiation for these non-polar compounds could not be obtained using 
this NP/P column set. This is a common feature of NP/P column configurations 
as illustrated in other studies [9,102]. Two alternatives to improve separation of 
non-polar components exist; (i) increase the polarity of 1D and reduce polarity of 
2D, or (ii) completely invert the column phase polarities.  
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Figure 2.2(A). 2D contour plot showing class separation of Gippsland oil (857) 
compounds using non-polar BPX5 phase coated capillary column in 1D and a polar 
BP20 phase coated capillary column in 2D. 
 
Subsequently a P/NP column set was tested according to the following logic. A 
polar column elutes alkanes at lower elution temperature (Te), so when 
delivered to 2D, they have relatively higher retention factors on the non-polar 
phase. Thus, the impact of retaining these components will be to ‘extend’ their 
2D elution range to make greater use of the retaining power, and increase non-
polar peak resolution. This can be seen in the 2D position of the alkane series, 
which is significantly increased in Figure 2.2(C) compared to that in Figure 
2.2(A). Conversely, more polar components are more strongly retained on 1D 
and have greater Te, which facilitates very short 2D retention times. This is 
demonstrated by the 2D position of the tri-aromatics, which in Figure 2.2(C) 
occurs close to the unretained (void) time of the 2D column.  
 
Initially, the LMCS was set at -10 °C for the entire analysis duration; however, 
this temperature was found to be too cold for high molecular mass compounds, 
such as alkanes, to completely release into the second column, which resulted 
in severe broadening and tailing of high molecular weight n-alkanes in the 
second dimension. Broadening and tailing become more obvious and more 
severe as the molecular weight of the compounds increased. This problem is 
obvious when a (polar) SolgelWax column was used in the first dimension as 
depicted in Figure 2.2(B). In order to overcome this problem, the modulator 
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temperature was adjusted at specific times throughout the analysis. For 
instance, the trap temperature was set to 0 °C at the start of the run, then 
increased to 20 °C at 10 min, followed by 50 °C at 30 min and 100 °C at 40 min 
until the end of the analysis. Consequently, improved peak shape was obtained 
for high molecular weight n-alkanes without affecting separation and peak 
shape of other classes of compounds. This is because, when the trapping 
temperature is warmer than that required, the modulated peak can break 
through the modulator and may not return to baseline. When the trapping 
temperatures are excessively cold, compounds trapped on the modulator cold 
spot may not be completely desorbed. This severely broadens the resulting 
peak and degrades both the first and second dimension resolution [156]. 
 
To trap the first column eluate, a region in the modulator must be cold enough 
to immobolize and trap the compounds. However, care must be taken to ensure 
that the trapping temperature is not too cold, which is both waste of the coolant 
and is detrimental to modulator performance [157]. In order to rapidly and 
efficiently launch the trapped compounds, the cold region must be heated 
rapidly to a temperature at which the trapped compounds are immediately 
expelled from the modulator. 
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Figure 2.2(B). Two-dimension contour plot of Gippsland oil (857) using polar Solgel-
Wax 1D column phase and on a non-polar BP1 2D column phase with the LMCS 
temperature set at -10 °C for the entire analysis. Broadening and tailing of later eluting 
n-alkanes due to cold trap temperature. 
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A similar study has been carried out previously by Gaines and Frysinger in 2004 
[156], in which they discussed temperature requirements for trapping and 
releasing of compounds in a cryogenic gas loop-type GC×GC modulator. They 
have demonstrated that, for any compound in the range of C4 to C40, the 
trapping temperature should be approximately 120 to 140 °C colder than its 
average elution temperature. Release temperatures approximately 40 °C above 
the elution temperature provided a thermal gradient sufficient for an effective 
launch with peak widths at half-height of 43 to 56 ms for compounds with little 
second column retention, and 70 to 75 ms for compounds with more second 
column retention.  
 
 
 
Figure 2.2(C). Two-dimension contour plot of Gippsland oil (857) using polar Solgel-
Wax 1D column phase and on a non-polar BP1 2D column phase.  
 
The result for a polar SolgelWax phase for 1D coupled to a non-polar phase 
(BP1) in 2D, can be seen in Figure 2.2(C). Indeed, retention is increased and 
resolution for saturated hydrocarbons is greatly improved compared to the 
previous column set. This column set offers improved resolution of individual 
alkanes, cyclo-alkanes, and branched-alkanes whilst the aromatics elute over a 
narrower 2D time range. There is still considerable overall compound class 
separation, and whilst the space used by the aromatic components is 
compressed compared to the conventional column set it is still sufficient to 
resolve isomers and homologous series for mono-, di- and tri-aromatics, in 
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which the pattern of aromatic are still recognizable. Note that the inherent 
complexity in the aromatic region is much less than in the low polarity 
compound region, and hence it should be a valid strategy to have less 
separation for the polar aromatic compounds. It is apparent that the n-alkanes, 
cyclic- and branched-alkanes are now resolved in the upper part of the 
chromatogram (around 4.5 - 7.5 s) on the P/NP column set. Not only that the 
cyclic alkanes are separated from the n-alkanes, but the cyclopentanes and 
cyclohexanes are now distinguishable. Cylcopentanes are the band that elute 
immediately below the n-alkanes. Moreover the isoprenoids (Pr and Ph) are the 
latest eluting compounds on the non-polar column in the second dimension, and 
are clearly observed on the chromatogram. The SolgelWax column also has a 
slightly greater operating temperature than the BP20 phase, to 280 °C, although 
a highly polar but more thermally stable phase is still of interest for this type of 
application. The P/NP set also significantly improves the separation of 
isoprenoids, which cannot be differentiated in Figure 2.2(A), but are clearly 
visible in Figure 2.2(C). This is important since they are used as biomarkers for 
oil characterization, and can now be readily visualised in the GC×GC 2D plot.  
 
2.4 Arafura Sea study 
2.4.1 Introduction 
Since results from the crude oil study showed that GC×GC is promising for the 
analysis and characterization of crude oils, therefore, the second part of this 
study is to investigate the potential of GC×GC in tandem with TOFMS (GC×GC-
TOFMS) for the analysis of Arafura Sea sediment. 
 
The Arafura Sea is a shallow continental shelf area which includes the Gulf of 
Carpentaria. It is bounded by the Torres Strait in the east, the Irian Jaya coast 
and the Indonesian islands groups Aru and Tanimbar in the north, the 
Australian coast from Cape York to Arnhem Land in the south and opens into 
the Timor Sea in the west. The Arafura Sea stretches from the Wessel Rise to 
about 130 °E longitude, with a surface area of about 630000 km2. The Arafura 
Sea is a new emerging oil exploration area, and satellite images have revealed 
oil slicks in the Arafura Sea pointing to the possibility of natural hydrocarbon 
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seeps on the seabed. To date it has been very little explored apart from a few 
wells between the Irian Jaya coast and the island of Kepulauan Aru to the 
southwest. The Arafura Sea is located just between Northern Territory and 
Indonesia.  
 
The aims of this study are demonstrate the capability of GC×GC for marine 
seep characterization and whether different sample analysis protocols can be 
used for GC×GC methods and therefore to improve understanding of the 
petroleum resources in the Arafura Sea 
 
2.4.2 Experimental 
2.4.2.1 Samples 
Extraction of sediments was carried out by Geoscience Australia. Sediment 
collected from the seabed of Arafura basin were freeze dried, crushed and 
extracted by Accelerated Solvent Extraction at 60 °C and 1000 psi with pure 
dichloromethane used as extraction solvent. 
 
Due to the highly polar nature of the compounds present in the extract, which 
cannot be introduced onto the GC column, therefore, it is necessary to ensure 
the extract was derivatised to less polar forms. Derivatisation was carried out by 
dissolving 10% m/v concentration of Extracted Organic Material (EOM) in 100 
µL of dichloromethane, followed by 10 µL of BSTFA + 1% TMCS. The sample 
was then vortex mixed for 2 min and incubates at 50 °C for 1 hr. The sample 
was then evaporated to almost dryness under nitrogen, and reconstituted with 
25 µL of pesticide grade hexane. 
2.4.2.1 GC×GC-TOFMS system 
GC×GC-TOFMS analysis was performed using an Agilent HP6890 gas 
chromatograph coupled to a Pegasus III time-of-flight mass spectrometer 
(LECO Corporation, St. Joseph, MI). LECO® ChromaTOFTM software (version 
2.00) was used to operate the GC×GC-TOFMS system. The column set 
comprised a non-polar (BPX5) phase column (30 m x 0.25 mm i.d. x 0.25 µm df) 
used in the first dimension (1D), coupled to a polar (polyethylene glycol) phase 
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(BPX50) coated capillary (1.0 m x 0.10 mm i.d. x 0.10 µm df) for the second 
dimension (2D) column. Both columns were from SGE International (Ringwood 
Australia). First and second dimension columns were joined using a zero dead-
volume capillary connector (SGE International). Helium was used as carrier gas 
with a constant flow of 1.5 mL.min-1; the column pressure was 414 kPa. Pulsed 
splitless injection was use to introduce 1 µL of the derivatised EOM onto the GC 
column. The GC oven was programmed from 40 °C (4 min), heated to 150 °C at 
10 °C/min, then at 3 °C/min to 360 °C (10 min). A Longitudinal Modulated 
Cryogenic System (LMCS, Chromatography Concepts, Doncaster, Australia) 
was used for trapping and transferring the effluent from the 1D to the 2D column. 
The modulator temperature was set at -10 °C, commencing at 10 min and the 
modulation period (PM) was 6 s.  
The MS transfer line temperature was 250 °C and the MS ion source 
temperature was 230 °C. The MS detector voltage was -1550 V. Ionisation was 
performed using electron induced ionisation at +70 eV. The mass spectral data 
acquisition rate was 100 Hz and data were collected over a mass range of 40-
400 u. Total ion chromatogram (TIC) data were processed using the automated 
data processing software ChromaTOFTM, with a signal-to-noise (S/N) of 100, 
and the NIST2005 spectral library was used for peak identification. After 
deconvolution, automated peak identification was supplemented by manual 
validation of individual spectra with that of reference library spectra. 
2.4.3 Results 
2.4.2.1 GC×GC-TOFMS Total Ion Chromatogram (TIC) 
The total ion GC×GC-TOFMS chromatogram of the EOM obtained using a 
NP/P column set is shown in Figure 2.3. Obviously, separation all classes of 
compounds was not achieved, the unresolved band spreading along the first 
dimension retention, which comprised of wide ranges of compounds include n-
alkanes and alcohols. Other classes of compounds such as TMS acids, ketones 
and sterols are also present in the sample; however, the patterns of these 
classes of compounds are not clearly visible on the 2D plot. Mentioned 
elsewhere in the thesis, the first dimension of the chromatogram shows a 
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volatility-based separation. Thus, the n-alkanes are regularly spaced and 
spread across the first dimension retention. The second dimension of the 
chromatogram shows the polarity-based separation, since n-alkanes have the 
weakest interaction and shortest relative retention on the polar phase, so they 
are eluted earliest in the second dimension retention. Other classes of 
compounds present in the sample are eluted in order of increasing polarity and 
relative second dimension retention. In this case, first are the ketones, then 
alcohols, diols and keto-ols and then the trimethylsilyl (TMS) acids. 
 
Figure 2.3. Total Ion Chromatogram of derivatised extracted organic matter (EOM) 
collected from Arafura Sea basin. 
 
2.4.2.2 GC×GC-TOFMS Extracted Ion Chromatogram (EIC) 
One of the advantages that can be obtained from GC×GC-TOFMS is the 
possibility to separately show the different groups of compounds present in the 
EOM sample by selecting extracted ion chromatograms, which are unique for 
each group of compounds (TOFMS data processing will be discussed in more 
detail later). Ions 71 and 143 were selected to reveal the n-alkanes and TMS 
phytol, respectively (Figure 2.4(A)). The n-alkanes are present in the range of 
C12 to C38, which eluted around 888-3888 s in the first dimension and 1.5-3.5 s 
in the second dimension. The n-alkanes are labelled according to their carbon 
number, TMS phytol was observed to elute just after C20. 
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Figure 2.4(A). EIC of n-alkanes and TMS phytol by using ion 71 and 143 respectively. 
 
The EIC of TMS alcohols from C12 to C28, revealed by selecting ions 75 is 
shown in Figure 2.4(B), which appeared immediately above the n-alkanes. Like 
n-alkanes, TMS alcohols are also evenly spaced along the first dimension 
retention. Other compounds such as sterol and biphenylene are also visible in 
the chromatogram. Identification the compounds were confirmed by manually 
inspecting the spectra of each individual peak. 
 
 
 
 
 
 
 
 
 
Figure 6.4(B). EIC of TMS alcohols in extracted organic matter using ion 75. TMS 
alcohols are labelled from C12 to C28 and sterols are indicated by coloured box. 
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Here the sum of the ions with mass 59, 82 and 96 are selected to show the 
presence of ketones which locate just above the alcohols. These mass also 
illustrate the presence of other compounds, including tebuconazole in the 
extract, reason for this could be that these compounds are having similar 
unique ions as the ketones, thus they are showing up in the chromatogram with 
the ketones. 
 
 
 
 
 
 
 
Figure  2.4(C). EIC of ketones in extracted organic matter using sum of ions 59, 82 
and 96. Ketones are labelled from C21 to C35. 
 
In Figure 2.4(D) the diols and keto-ols are shown. For these groups the mass 
75 was selected, by using this mass it is obvious that diols and keto-ols in the 
extract could be revealed. Because these compounds are eluting at a higher 
temperature, and are retained on the polar second column, therefore the peaks 
tend to broaden in the second dimension retention. However, it is still possible 
to separate the diols from the keto-ols. 
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Figure 2.4(D). EIC of diols and keto-ols in extracted organic matter using ion 75.  
 
The TMS acids are shown in Figure 2.4(E). The TMS acid series are clearly 
visualised on the chromatogram by selecting mass 73. The TMS acids present 
in the extract are in the range of C9 to C27. Since they are the most polar 
compounds in the extract, thus, they have a higher relative retention on the 
polar column and therefore, they are the last group of compounds that are 
retained in in the second dimension column. The C18 saturated acids are also 
completely resolved from the unsaturated acids. 
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Figure 2.4(E). EIC of TMS acids in extracted organic matter using ion 73. Note the 
overlap of (many) peaks in the chromatogram. Since they all have mass 73, they might 
be very hard to differentiate in 1D GC. 
 
2.5 Conclusion 
The P/NP column configuration in GC×GC appears to offer many benefits 
compared to the NP/P configuration for characterization of crude oil samples, 
due to the preferential retention of low polarity solutes. The increased 2D 
retention of lower polarity hydrocarbons improves their resolution and increases 
the use of the 2D separation space. This offers the possibility of rapid oil 
fingerprinting using GC×GC and sample comparison, allowing identification of a 
wide range of petroleum hydrocarbons (without using MS) through improved 
resolution compared to 1D GC and GC/MS. In addition to this, the P/NP column 
configuration provides an alternative approach for separating classes of 
compounds in complex samples such as crude oil, when the more common 
approach (NP/P) is inadequate for separating compound in such a sample. 
 
Moreover, when a polar (SolgelWax) column is used as a first dimension 
column, it is necessary to consider the temperature of the modulator, since this 
factor affects on peak shape of the later eluting compounds such as high 
molecular weight n-alkanes. Appropriate trapping temperature must be used to 
provide better peak shape and hence resolution of these compounds in both 
first and second dimensions. By gradually increasing the temperature of the trap 
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through the analysis, improved peak shape of high molecular weight alkanes is 
obtained. However, it is rather time consuming for the analyst to manually 
increase the temperature, thus, future work would be to develop a temperature 
programming modulator control, which enables the temperature of the trap to be 
set at a desired temperature at a desired time. 
 
Results obtained from GC×GC-TOFMS for Arafura Sea sediment indicates that 
GC×GC-TOFMS is a promising analytical technique for the analysis of marine 
seep and sediments. EIC could be used for the identification of classes of 
compounds present in the extract; however, ‘unique masses’ are not as unique 
as it seems for some classes of compounds, since there are a number of 
compounds that often had similar unique masses with others. Therefore, 
although unique mass could be used for identification, manual confirmation is 
necessary for accurate identification. Note that this study suggests much more 
work is needed on these interesting seep oil samples. However, the study was 
curtailed due to technical failure of GC×GC-TOFMS. 
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Chapter 3: Characterization of Incense Smoke by Solid 
Phase Microextraction – Comprehensive Two-
Dimensional Gas Chromatography (SPME-GC×GC) 
 
 
 
 
 
3.1 Introduction 
Incense is used to mask odour, for aromatherapy, and plays an important role in 
many religions around the world, especially in eastern religions. The Hindu, 
Buddhist, Taoist and Shinto religions all burn incense in festivals, processions 
and many daily rituals, such as paying respect to ancestors and various gods. 
Because of its long history of use, incense has evolved into many different 
types, colors, forms, scent, shape and the way it burns. The most common form 
of incense is stick incense, the gum or resin from which the incense is made 
coats a long thin stick that burns slowly to release the particular fragrance that it 
comprises. Fragrances are created from different organic plant materials, 
derived from animal such as musk, and essential oils that are extracts of either 
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or both. The fragrance can be a single scent found naturally or a combination of 
two or more ingredients; the combinations of incense scents are endless. 
 
There are two broad types of incense. Western incenses are normally burned to 
produce pleasant fragrance inside the home, shopping centres, shops and 
public places. These incenses are largely made from the gum resins in tree 
bark (such as frankincense), aromatic woods, flowers, essential oils and 
synthetic substitute perfume chemicals. Eastern incenses are processed from 
plants such as sandalwood, patchouli, agarwood and vetiver, and are used for 
ceremonial practices. Incenses are available in various forms including joss 
stick, cones, coils and rocks. 
 
Incense burning is a long, slow, incomplete combustion process, resulting in the 
generation of a continuous smoke stream, which is an important source of 
indoor air pollution due the emission of PM10, PM2.5 (particulate matter less than 
10 µm and 2.5 µm in aerodynamic diameter), carbon monoxide (CO) and 
volatile organic compounds (VOCs) [158]. These researchers measured the 
emission rates of 10 different incense types with various length and found that 
emission rates for PM2.5 and PM10 ranged between 9.8~2160.3 mg h-1 and 
10.8~~2536.6 mg h-1 from one stick, respectively. Lung et al., [159] showed a 
significant contribution from incense burning to indoor PM10 and particulate PAH 
(polycyclic aromatic hydrocarbon, which comprises a large group of organic 
contaminants generated by incomplete combustion of organic material). One 
incense stick usually lasts about 45 to 60 min depending on the length and 
tightness of the powder packing.  The greater the mass of material burned, the 
greater the particulate mass that is generated [160]. Other studies indicate that 
the particulate burden from burning one incense stick is 1.2~2.9 times of that of 
burning one cigarette [160,161]. Lung and Hu., [162] showed that incense 
burning produced about 28.3~30.5 µg PAHs per stick.  
 
The aerosol particulate matter emitted from incense burning was found to be 
mutagenic in the Ames Salmonella test [163]. Incense sticks were found to 
contain compounds causing allergic contact dermatitis and photosensitization, 
such as musk ambrette, musk ketone and musk xylene [164]. 
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Solid phase microextraction (SPME) is a solvent-free sampling technique, 
introduced by Pawliszyn in the 1990s, and is a popular alternative sample 
preparation and extraction method to classical extraction methods. The 
transport of analytes from the matrix into the fibre-supported polymer coating 
commences when the fibre is placed in contact with the sample. In the 
headspace (H/S) mode, the analytes are transported through the air before they 
are sorbed into or onto the coating. SPME has been successfully applied in 
many applications, including wound-induced volatile organic compounds from 
plants [165], analysis of PAHs in atmospheric particulates [166], volatile 
terpenes in olibanum [167], aroma compounds in palm sugar [168] and 
methoxypyrazines in wine [169]. 
 
The hyphenated GC technique of comprehensive two-dimensional gas 
chromatography (GC×GC) was reported in 1991 by Phillips [1,77], comprising 
two serially-coupled GC columns containing different stationary phases with a 
modulator near their junction. The modulator serves to periodically and rapidly 
sample effluent from the first column, as a series of concentrated zones, which 
are then reinjected as narrow peaks into the second column. The second 
column generates a chromatogram of a few seconds duration. Therefore, the 
entire sample is submitted to two “orthogonal” separations. The process results 
in significantly higher peak capacity with substances that co-elute on the 
primary column ideally resolved on the secondary column. GC×GC has been 
successfully applied to a wide range of samples including sedimentary 
petroleum hydrocarbons [102], volatile compounds in strawberry [170], natural 
fats and oils [171] and urban aerosols [105]. 
 
Much previous work on incense smokes employed conventional extraction and 
GC methods; no reports of analysis of incense smoke have used SPME with 
GC×GC. Previous studies mainly focused on the emission rates of the smoke 
from incense burning, however, the compounds that were released from the 
smoke were not well characterized (and chromatograms often not shown in 
published literature). Therefore, it is important to develop an analytical method 
that can be used for the chemical characterization of compounds present in the 
particulate phase especially where the complexity is significant.  
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Notwithstanding the quantitation limitations of SPME, the present study seeks to 
examine the feasibility of using SPME-GC×GC for sampling and identifying 
volatile compounds emitted by incense powder and in the smoke stream, and to 
generate a fingerprint chromatogram for different types of incense. Two different 
SPME extraction setups were used for the analysis of incense smoke - direct 
from the smoke stream, and the side stream. Different GC×GC column 
configurations were studied to contrast the separation of compounds. 
3.2 Experimental 
3.2.1 Samples 
Four different types of incense in various forms, including sticks and cones, 
were used in this study. Incenses were chosen based on their different uses, 
and all differed in appearance, such as length, mass, color and fragrance; lotus 
aromatic incense (Europe) was claimed to have aromatherapy use; Tibetan red 
incense (Hong Kong) was for ceremonial practices for deity worshipping; Brown 
smokeless incense (China) was claimed to be environmentally friendly, 
producing less smoke with reduced air pollution; medicine herb incense 
(Vietnam) was promoted as effective, non-toxic and non-addictive antidote for 
stress or depression.  All incenses were purchased from local gift shops and 
shopping centres (Melbourne, Australia). 
3.2.2 Solid phase microextraction (SPME) 
3.2.2.1 Crushed incense 
One stick of each incense sample was powdered and 5 g was transferred to a 4 
mL glass vial with a screw cap and PTFE/silicone septum, in order to sample 
the fragrance/essential oil H/S. Extraction was performed manually with an 
SPME holder (Supelco Inc., Bellefonte, PA, USA). Prior to extraction, the 
polydimethylsiloxane/divinylbenzene (PDMS/DVB) coated fibre (65 µm; 
Stableflex, Supelco Inc.), was conditioned according to the manufacturer’s 
instruction by heating in the GC injection port at 250 °C for 30 min. The 
PDMS/DVB fibre was chosen because it is suitable for extraction of a broad 
range of volatile compounds, with both absorption by the PDMS polymer, and 
adsorption by DVB particles [172]. Sampling parameters for H/S SPME analysis 
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included effect of extraction time (10 - 120 min), and extraction temperature 
(room temperature ~ 100 °C) for each sample. Extraction at room temperature 
for 60 min was found to adequately trap volatile compounds onto the fibre; 
extraction for longer time at high temperature may result in overloading the 
capillary column for the major component(s). Therefore H/S extraction was 
performed by exposing the 65 µm PDMS/DVB fibres inside the 4 mL glass vial, 
1 cm above the sample for 60 min at room temperature. The fibre was then 
transferred to the GC, and thermally desorbed for 3.5 min into the glass liner of 
the GC injector at 250 °C. Fibre blanks were run between each sample injection 
to ensure no contamination or carry over from previous samples. Multiple runs 
(n=5) of each analysis were carried out. Good repeatability and reproducibility 
for SPME extraction were obtained with RSDs of 2.22 % and 3.05 % 
respectively based on the total area of the most intense peaks from the 
chromatograms. Reproducibility of retention time of the most intense peaks 
gave RSD of less than 0.50 %.  
3.2.2.2 Incense smoke 
Sampling of smoke volatiles emitted from burning incense was performed in two 
ways. Figure 3.1(A) shows the set up for extraction of smoke volatiles, where 
the SPME fibre is directly exposed to the smoke stream from the incense stick 
burning inside the inverted glass funnel. This experiment allows sorption of 
smoke volatiles and also potentially particulates from the smoke onto the fibre. 
The fibre turned a brownish colour over time with increased sampling events. 
Sampling the smoke stream over the duration of burning of a whole stick, half a 
stick, and finally for 20 min showed that 20 min sampling time was sufficient. 
Therefore, for both side stream and direct smoke, the SPME fibre was exposed 
for 20 min. 
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Figure 3.1. Diagram of SPME set up for sampling of smoke by (a) direct sampling, and 
(b) side stream sampling. 
 
Fig. 3.1(B) shows the SPME set up for side stream extraction, intended to 
collect only the aroma and volatile compounds from the incense smoke without 
collection of particulates onto the fibre. A T-piece was attached to the glass 
funnel, with the incense burnt in the bottom portion of the inverted funnel, and 
the SPME fibre was inserted into the side arm of the T-piece. The mainstream 
smoke was vented through the funnel neck, and volatile compounds diffuse into 
the side arm of the T-piece for SPME sampling. The side arm was sealed to 
avoid back flush from outside air, and to prevent free smoke passage into the 
side arm. Visually, no smoke was seen in the arm, although this is not evidence 
that no particulates enter this region. A blank extraction was performed to test 
for any laboratory environment residual compounds that might lead to 
extraneous peaks in the GC. The fibre was exposed using the same apparatus 
and in the same mode for 60 min, but without incense, to collect background air 
sample. No compound detected were found in the laboratory environment. 
3.2.3 GC-flame ionisation detection (FID) 
A Shimadzu GC-17A GC (Shimadzu, Rydalmere, Australia) configured with a 
split/splitless injector, and FID was used for conventional 1D GC analyzes. 
Splitless injections were performed by introducing the SPME fibre into the hot 
injection port (250 °C). Hydrogen carrier gas was set at a constant flow of 1.5 
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mLmin-1, with a non-polar (5% phenyl polysilphenylene siloxane) phase (BPX5) 
column (30 m x 0.25 mm i.d. x 0.25 µm df (film thickness); SGE International, 
Ringwood, Australia). The GC temperature program commenced at 40 °C (2 
min), heated to 130 °C at 25 °C/min, then to 260 °C at 15 °C/min (10 min).  
3.2.4 GC-quadrupole mass spectrometry (qMS) 
GC-qMS was performed using an Agilent model 6890 GC (Agilent 
Technologies, Burwood, Australia) configured with a split/splitless injector, 
coupled to an Agilent model HP5973 Mass Selective Detector (qMS) through a 
heated transfer line (250 °C). A BPX5 capillary column (30 m x 0.25 mm i.d. x 
0.25 µm df) and helium carrier gas (0.7 mL min-1) was used. Manual splitless 
injections at 250 °C were made by exposing the SPME fibre, using a narrow 
SPME inlet liner. The GC temperature was initially set at 40 °C (2 min), then 
heated to 280 °C at 5 °C/min. The qMS source temperature was 230 °C, with a 
mass scan range of 40 – 340 u, and acquisition rate of 8.62 scans s-1. 
Generally, matched spectra with the NIST library were only considered if the 
match metric was > 90% according to the MS search criteria. 
3.2.5 Comprehensive two-dimensional gas chromatography 
(GC×GC-FID) 
GC×GC was performed using an Agilent 6890 GC under Chemstation software 
control and data acquisition, and was configured for GC×GC by fitting a 
longitudinally-modulated cryogenic system (LMCS; Chromatography Concepts, 
Doncaster, Australia). Two different columns sets were used in this study. 
Column set 1: the first dimension column (1D) comprised a low-polarity phase 
(BPX5; 30 m x 0.25 mm i.d. x 0.25 µm df), coupled to a polar (polyethylene 
glycol) phase-coated capillary (BP20; 1.0 m x 100 µm i.d. x 0.10 µm df) for the 
second dimension (2D). Column set 2: a polar 1D column (50% phenyl 
polysilphenylene-siloxane) phase (BPX50; 30 m x 0.25 mm i.d. x 0.25 µm df) 
was coupled to a non-polar 2D column (100% dimethyl-siloxane) phase (BP1; 
1m x 0.10 mm i.d. x 0.10 µm df). All columns were supplied by SGE 
International. Hydrogen carrier gas was used at 1.5 mL min-1. Manual SPME 
injections were made, in splitless mode. The injector temperature was 250 °C 
with FID temperature at 250 °C. The GC oven program was from 40 °C (2 min), 
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heated to 260 °C at 5 °C/min for column set 1, and at 3 °C/min for column set 2. 
Modulator cryotrap temperature was set at -20°C, commencing at 10 min for 
column set 1 and 4 min for column set 2. The modulation period (PM) was 6 s 
for column set 1 and 5 s for column set 2.  
3.3 Results and Discussion 
The first analytical step in this work was conventional 1D GC analysis of 
incense powder H/S and smoke stream volatiles, with a low-polarity column 
(BPX5). Due to the large number of analytes trapped on the fibre, or the 
elevated concentrations of some compounds trapped on the fibre, the analytical 
column may either have insufficient resolving power, or may be easily 
overloaded by larger abundance peaks resulting in serious peak asymmetry. In 
the latter case, peaks with lower concentration may be merged in the tail of an 
intense peak. Study of extraction time and extraction temperature assisted the 
selection of adequate SPME conditions to avoid overloading of the column. All 
extractions were therefore carried out for a pre-set time (most likely not at 
equilibrium) with extraction conditions described in the experimental section. 
This study was intended to provide qualitative comparisons of the compositions 
of the samples investigated. Side sampling of incense smoke as described 
above was conducted, however, the results obtained were very similar to those 
obtained for the direct smoke sampling. This may due to some smoke entering 
the side stream, thus the volatile compounds that comprised the smoke 
samples particulates were adsorbed onto the fibre. Compounds identified in the 
side stream experiment were similar to those that were identified in the direct 
sampling. Therefore, it is necessary to have proper equipments and experiment 
setup for side stream sampling of incense smokes; this is to ensure that only 
the aroma emitted from incense burning would enter the side stream and not 
smoke. 
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3.3.1  Qualitative comparison of GC-FID with GC×GC-FID 
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Figure 3.2. GC-FID and GC×GC-FID chromatograms of crushed orchid-scented 
incense after SPME extraction; separation on column set 2 (polar – non-polar) (A) 1D 
GC of powder extracted at ambient temperature for 60 min (B) 1D GC smoke and (C) 
GC×GC of smoke (B and C extracted for 20 min) 
 
Figure 3.2(A) and 3.2(B) chromatograms illustrate the complexity of both 
powder H/S volatiles and smoke volatile composition of orchid scented incense 
powder and smoke respectively. The latter demonstrates perhaps hundreds of 
overlapping peaks in 1D GC. A few peaks have been asterisked to indicate they 
co-exist in each trace (based on tR (retention time) similarity). The added 
complexity of the smoke sample reduces the likelihood that any of these peaks 
will be single, pure peaks. Their relative intensities are different for each sample 
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showing that specific volatile compounds in both powder H/S and smoke may 
differ in relative amounts. The chromatogram of smoke (Figure. 3.2(B)) shows 
that many additional compounds of lower molar mass (eluting at lower tR) arise 
from the combustion process. Figure. 3.2(C) by contrast shows the GC×GC 
contour plot of the SPME extract of smoke volatiles; the significant increase in 
resolution reveals many more peaks. Separations in GC×GC were achieved by 
using two stationary phases with different polarity, thus compounds not 
separated on the first column are likely to be separated on the other. Here, the 
first column is a polar stationary phase, providing a polarity/boiling point-based 
separation, with the second column a non-polar stationary phase. Thus a boiling 
point-based separation mechanism defines the separation along the second 
axis. Each compound forms a zone on the plane defined by retention times on 
the two columns. It is clear that many peaks in the 1D result will be made up of 
more than a single component. 
3.3.2  Identification of components of incense powder and smoke 
via SPME GC-qMS 
A total of 324 compounds were tentatively identified using GC-qMS in figure 
3.2(B). A nominal total of 123, 139, 152 and 118 compounds for incense 
powder H/S extraction, and 220, 226, 218 and 189 compounds in the smoke, 
were detected for lotus-scented, red Tibetan, medicine herb and brown 
smokeless incense respectively, using conventional GC-qMS. These 
component numbers are rather arbitrary given that the composition of 
overlapped peaks is not readily quantified. However, only half – or even less – 
of the compounds were tentatively identified by matching peak apex mass 
spectra with mass spectra in the library. Identified compounds had matching 
quality of at least 90% between the mass spectra of the compounds obtained 
from the samples to the mass spectra from the NIST library; compounds with 
matching quality less than this were recorded as unidentified. The inability to 
identify compounds is largely ascribed to their overlapping with other 
compounds, leading to poor quality spectra for those compounds, which 
reduces the match quality with the MS library. Also, compounds at trace level 
have inadequate sensitivity, with the MS detector giving poor signal-to-noise 
ratio (S/N) and poor library matching.  
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A wide range of different compound classes were identified in the H/S of 
incense powder and in the smoke, including essential oil-type components, 
aldehydes, alcohols, pyrazines, ketones, pyrans, acids, mono-aromatics and 
PAHs. An abbreviated list of peaks assignments can be found in Table 3.1, 
along with an indication of their presence or absence in the powder H/S, and in 
the smoke. Classes of compounds such as hydrocarbons, carbonyl, hydroxy 
and phenols were found in both H/S and smoke in all incense types.  
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Table 3.1. Abbreviated table of indicative compounds identified in the powder (H/S) and 
smoke (S) of four different incense types by using 1D GC-MS. 
Incense types Lotus-
scented 
Red Tibetan Medicine herb Brown  
No. Compounds H/S 
 
S 
 
H/S 
 
S 
 
H/S 
 
S 
 
H/S 
 
S 
 1 Pyrazine ×a b × × ×  × × 
2 Pyridine  ×  × × × × ×  
3 2,4-Pentadienenitrile ×  × × ×  × × 
4 Furfural ×  ×  ×  ×  
5 2-Furanmethanol ×  ×  ×  ×  
6 Styrene × ×       
7 5-Methyl-2-furancarboxaldehyde 
×  ×    ×  
8 Benzaldehyde         
9 Phenol         
10 Benzyl Alcohol      ×   
11 Linalool  ×    × × × 
12 Phenylethyl Alcohol      ×  × 
13 Camphor × ×  × × × × × 
14 Naphthalene ×  ×  ×  ×  
15 Cinnamaldehyde (E)         
16 Indole × × ×  ×  ×  
17 2-Methoxy-4-vinylphenol ×  ×  ×  ×  
18 Piperonal ×     ×   
19 Biphenyl ×  ×  ×  ×  
20 Vanillin  ×  ×  ×  × 
21 2H-1-Benzopyran-2-one         
22 Acenaphthylene ×  ×  × × ×  
23 .alpha.-Calacorene  ×      × 
24 Diethyl Phthalate         
25 8.beta.H-Cedran-8-ol         
26 Benzophenone   × × × × × × 
27 Patchouli Alcohol × ×    ×   
28 9H-Fluoren-9-one ×  × × ×  ×  
29 1-Octadecene ×  ×  ×  ×  
30 Benzyl Benzoate         
31 Octadecane   × × × × ×  
32 Phenanthrene ×  ×  ×  ×  
33 Musk Xylene      ×   
34 Dibutyl Phthalate     × × × × 
35 Fluoranthene × × × × × × ×  a
 × compound not found in the sample; b  compound found in the sample 
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In the powder H/S extraction, allergenic nitromusk compounds such as musk 
ketone (3,5-dinitro-2,6-dimethyl-4-tert-butylacetophenone) was found to be 
present in lotus-scented, red Tibetan and medicine incenses and musk xylene 
(2,4,6-trinitro-3,5-dimethyl-1-tert-butylbenzene) was found in all incenses, which 
is in agreement with previous results [164]. Other compounds, such as 
benzaldehyde, phenol, benzyl alcohol, phenylethyl alcohol, 2H-1-benzopyran-2-
one, diethyl phthalate, benzyl benzoate, cinnamaldehyde and vanillin (4-
hydroxy-3-methoxy benzaldehyde) were found in all incense powders. Vanillin 
has been previously reported [173] as a degradation product of lignin, which 
has an oil-fruity and floral citrus smell. Compounds that are usually present in 
essential oils such as terpenes, linalool, eugenol, copaene, thujopsene, lilial, 
patchoulene, methyl ionone and guaiene were also detected in incense 
powders. This is logical since they are burnt to produce aromas, arising from 
the essential oils that are added as an ingredient in the incense manufacture. 
Different essential oil compounds were found in different incense types, 
according to the specific ingredients which were used to make the incense to be 
used for different purposes. Thus each GC trace is rather specific to each of the 
incenses. 
 
Obviously, there were many more peaks generated when the incenses were 
burnt; many of these compounds were not observed in the incense powder. The 
manufacturing process of incense, quality control of raw materials, and actual 
composition of the fragrances used is unknown. Contamination may be a 
concern. However, by comparing the H/S composition with the smoke, it is 
certainly possible to deduce which compounds arise from the combustion 
process. 
 
However aroma compounds are also present in the combustion stream. When 
the incenses were burnt, incense powder may be either completely or partly 
combusted to produce new compounds. Compounds that were generated in the 
smoke were mainly di-aromatics, benzenes, ketones, alkenes and some 
nitrogen containing compounds such as N-heterocyclics (pyrazine, pyridine), 
benzenecarbonitrile  and 2,4-pentadienenitrile. Some components were found 
to be present in both incense powder and smoke; in some instances they were 
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higher in concentration in the smoke, with higher response in both GC-MS and 
GC-FID. Their higher concentration is probably due to their volatilization caused 
by the heated tip of the incense stick. Thus specific compounds from the aroma 
constituents may be either absent, attenuated or amplified in the smoke stream 
compared with the powder H/S. 
3.3.3  Comparison of GC×GC-FID analysis of incense powders and 
smokes 
The GC×GC result in Figure 3.3(A) represents smoke volatiles; Figure 3.3(B) 
and 3.3(C) are the lotus-scented incense powder H/S and the subtracted 
chromatogram representing (smoke – powder volatiles) respectively. 
Compounds are spread over most of the GC×GC plane, between 1 - 6 s in the 
2D retention time, with the benefits of the secondary separation stage apparent. 
The subtracted result in Figure 3.3(C) is intended to reveal only compounds that 
are emitted from or generated by the burning process, present in the smoke 
stream. Each dark spot on the chromatogram represents an individual 
compound, and the concentration of the compound in the sample is represented 
to the first approximation by the response signal of the spot; larger spot ~ higher 
amount of compound. Note that in the subtracted chromatogram, if a spot in the 
powder H/S is located at the same point as a spot in the smoke, the peak is 
subtracted from the smoke result to give a “difference chromatogram”, 
regardless of the relative spot sizes – they only have to be at the same position. 
This is to account for possible amplification of the original compound in incense 
by the burning process, such that only combustion products are reported in 
Figure 3.3(C). Clearly the very large number of compounds reported in Figure 
3.3(C) illustrates the substantial productivity of the burning process. 
 
Note that at the time of preparation of this work, the subtraction process was 
done manually. Today, a software program capable of chromatogram (although 
not sure if it can substract a high peak from small peak to give a ‘zero’ peak) 
compare on GC×GC result with another is available to simplify the identification 
of peaks that constitute sample differences. 
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Figure 3.3. GC×GC-FID chromatograms of lotus-scented incense separated on 
column set 1 (A) smoke (B) powder and (C) subtracted chromatogram obtained by 
subtraction of powder H/S chromatogram from smoke chromatogram ( Figure 3.3(A) –
Figure 3.3(B)). 
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There are several peaks that appear < 1 s in the second dimension (which 
approximates the unretained peak time). This is due to their high polarity, thus 
they are strongly retained on the polar secondary column to the extent that they 
elute in a subsequent modulation event after being transferred onto the second 
column. This effect, called ‘wrap-around’, can be avoided by setting the 
modulation period (PM) to exceed the 2D retention time of the strongest retained 
analyte. Wrap-around can cause overlapping with compounds in neighbouring 
modulation cycles, and affect identification and/or quantification. Ideally, wrap-
around should be avoided, however, it can be accepted if the compounds 
showing wrap-around do not co-elute or interfere with analytes from the next 
modulation. With this column configuration, PM ~ 6 s is sufficient because little 
wrap-around overlap arises; however, there is no co-elution with other analytes 
from the next modulation. 
 
The chromatogram of lotus-scented incense powder, revealed about 40-60 
peaks visualized on the 2D contour plot, with most of them are well separated in 
both dimensions. The actual number of peaks is much higher, due to the 
‘threshold’ of peak presentation. A high signal intensity threshold will exclude 
the smaller peaks from the 2D plot. The chromatogram of the incense powder 
(Figure 3.3(B)) contained many fewer peaks compared to the chromatogram of 
smoke volatiles (Figure 3.3(A)) (at equivalent threshold). GC-qMS indicates 
that, when the incenses are burned, they generate a lot of pollutants, with many 
toxic compounds bound to the atmospheric particulate or in the volatile phase.  
 
Contrary to the structured retentions obtained in eg. petrochemical samples 
(where zones of different compound classes are readily apparent), the smoke 
constituents did not exhibit such order, in agreement with previous GC×GC 
studies on air samples [107,174]. The main reason for this will be the many 
different group types, with their inherent widely varying boiling point and polarity 
properties, present in these sorts of samples. Structure may indeed be present 
within given subsets of compounds, but the compositional heterogeneity of the 
sample simply does not reveal this when an FID detector is used here. 
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Reponses of many compounds that were obtained from the H/S SPME of 
incense powder were increased significantly during burning. Some ingredients 
used in incense do not have any odour unless they are burned (and so are 
liberated upon burning). The subtracted chromatogram reveals especially the 
new compounds that were produced during the burning process, showing many 
compounds present in the smoke which are produced by the long and slow 
incomplete combustion process of incense burning. 
3.3.4 Comparison of different incense smokes 
The GC×GC contour plots of incense smokes obtained from four different types 
of incense using column set 1 are depicted in Figure 3.4(A) – 3.4(D). Visually, 
different patterns were obtained for each incense type, with lotus-scented 
incense showing a large number of compounds located around 1.5-6.0 s 
retention time (2tR) in the second dimension and 10-45 min retention time in the 
first dimension (1tR). Many of the components apparently are abundant highly 
polar peaks. There are also some strongly retained compounds that underwent 
‘wrap-around’, however, this does not appear to cause too much peak overlap. 
 
The purpose of this present study is to qualitatively report the different 
compounds present in incense smoke samples. It is not intended to study the 
combustion process per se, that is, it will not be part of this study to investigate 
specific combustion products and components to understand how combustion 
of individual compounds progresses. 
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Figure 3.4. GC×GC-FID chromatograms of smoke obtained from four different incense 
samples separated on column set 1 (NP/P) (A) lotus-scented, (B) red Tibetan, (C) 
medicine herb, and (D) brown (smokeless). 
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Some components in the red Tibetan incense also wrap-around (Figure 3.4(B)) 
and their peak positions coincide with (and so are most probably the same as) 
peaks in the lotus-scented smoke; however, it seems that the number of polar 
compounds is not as many, or as abundant as in the lotus-scented incense; red 
Tibetan smoke produces fewer polar compounds. There were some compounds 
that eluted later in the first dimension retention (beyond 40 min) in red Tibetan 
incense which were not observed in the lotus-scented product. 
 
Medicine herb incense smoke had the least compounds of all samples, with 
only a few of the more polar compounds present. Naphthalene and biphenyl 
can be seen in all incense smokes (Table 3.1), with biphenylene in the medicine 
herb smoke.  
 
Brown smokeless incense (Figure 3.4(D)) was claimed to be environmentally 
friendly, producing less or no smoke. However, the 2D contour plot indicated 
that it does in fact emit a lot of compounds, although not as much as lotus-
scented and red Tibetan incenses. There is a cluster of peaks that cannot be 
easily resolved, located around 35 - 40 min in the first dimension. This was also 
observed in 1D GC, where the baseline rises due to overlapping peaks. Brown 
incense smoke was found to contain a number of PAHs, such as fluoranthene 
and pyrene that were not found in other incenses. 
 
The results indicate that different aroma materials were used for different 
incenses, and their combustion will emit different compounds into the 
atmosphere. However, PAHs such as naphthalene and biphenyl were found to 
be present in all the incense types, because these compounds are commonly 
present in smoke of combusted or partially combusted products. 
3.3.5  Comparison of column sets used in GC×GC-FID analyzes 
A low-polarity – polar arrangement (column set 1) is often used for GC×GC 
analysis, however, the ‘inverted’ column phase configuration of polar – non-
polar (column set 2) has been applied to a selection of samples, such as 
middle-distillate samples [110], roasted coffee beans [152] and crude oils [114]. 
Therefore, this type of column set was also tested in this study in an attempt to 
Chapter 3 SPME-GC×GC headspace analysis of incense 
77 
maximize the resolution of compounds, and observe if wrap-around can be 
lessened. Different column phases are required in order to achieve 
orthogonality of separation [175], which arises when separations performed on 
each column are essentially independent of each other. Orthogonal separation 
in GC×GC implies that elution times for each dimension can be treated as 
statistically independent [176]. Ryan et al., [169] concluded that when 1D and 2D 
column phases are the most dissimilar and the highest differentiation in the 
second dimension for compounds of different chemical classes can be 
obtained. 
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Figure 3.5. GC×GC-FID chromatograms of red Tibetan powder (A) and smoke (B) 
separated on column set 1 (NP/P, 1) and set 2 (P/NP, 2)  
 
All incense samples were analyzed by using both column set 1 and 2. Figure 
3.5(A1) and 3.5(A2) show the GC×GC contour plots of red Tibetan incense 
powder and smoke on column set 1 and set 2, and Figure 3.5(B1) and 3.5(B2), 
respective results for smoke on column set 1 and set 2. Visual comparison of 
the contour plots shows that both column sets provided sufficient separation of 
components, in which compounds are well spread out in the primary retention 
axis. The effect on second dimension spread of peaks is dependent on the 
P/NP nature of the sample components. Consequently, when column set 1 is 
used, peaks are widely distributed (some very strongly retained) along the 
secondary retention axis, which suggests that having a polar second column 
retains compounds over a large retention window. This results in good (or even 
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too much) separation space use in the second dimension. Because some 
components are retained a little too strongly on the polar second column, ‘wrap-
around’ arises. This accompanies peak broadening in the second dimension.  
 
With column set 2, dense peak clustering occurred between 1.5 s to 3.5 s on 
the second retention axis, so the 2D retention window is less than for column set 
1. The compounds were well separated on the polar primary column. The polar 
nature of smoke components implies that polar solutes will be retained to higher 
elution temperature (Te) on a polar first column, and then poorly retained on the 
non-polar secondary column phase. This causes rapid elution, narrow peak 
widths, and reduced retention and possibly increased probability of component 
overlap. This results in the compounds being somewhat clustered together in 
the second dimension. Notwithstanding this observation, separation of 
components on the second dimension was still acceptable. By inference, 
compounds from both incense powder and smoke were predominantly polar in 
nature. Both column sets are suitable for the separation of sample components 
present in incense powder and smoke, even though both have their specific 
advantages and disadvantages. Generally both column sets provided sufficient 
resolution of components, and may be used for a study of this type. However, a 
P/NP set is believed to be desirable, increased separation could result from 
using a 2D column with a thicker film phase, to increase separation space and 
retention. 
3.4  Conclusion 
A rapid and simple SPME extraction methodology along with the powerful 
separation technique of GC×GC has been developed for qualitative 
characterization and comparison of compounds in incense powder H/S and 
smoke. Compounds of different classes such as alcohols, benzaldehydes, 
pyrans, furan, benzene and PAHs were present in four different incense types, 
and were tentatively identified using conventional GC-qMS. In addition to the 
nitromusk reported by Roveri et al., [164], others musks were also identified in 
all four incense types. More than half of the compounds identified were 
generated in incense smokes, which produced very complex chromatograms. 
Different compounds were emitted during the burning process when different 
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incenses were burnt, presumably due to the varied ingredients used to make 
the incenses. 
 
Both ‘normal and inverted-phase’ GC×GC column sets can be used to provide 
good separation for a complex sample such as this, producing many more 
resolved peaks than possible in the conventional 1D GC experiment. Many 
minor components can be readily seen in the 2D plots. However, different 
separation qualities of the components in the 2D GC space were observed 
when different column sets were used. It was deduced that most components 
were polar in nature and this would be a logical product of a combustion 
process. The method developed appears suitable for use of GC×GC 
fingerprinting for ready comparison of different incense types, comparison of 
smoke with powder H/S, and allows facile subtraction of the H/S compounds 
from the total smoke to reveal new / unique compounds generated by the 
burning process. The results obtained are promising for future characterization 
and identification of compounds emitted from combustion processes.  
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Chapter 4: Comprehensive two-dimensional gas 
chromatography – Time-of-Flight mass spectrometry 
and simultaneous electron capture detection/nitrogen 
phosphorous detection for incense analysis 
 
 
 
 
 
4.1 Introduction 
This chapter is a continuation of the previous chapter (Chapter 3) on incense 
and reported in 2007 [177], where solid-phase microextraction (SPME) was 
used as an extraction and sampling method followed by GC×GC-FID for the 
analysis of incense powder and smoke volatiles. GC×GC was able to separate 
hundreds (or thousands) of compounds present in incense powder as well as in 
the smoke, where many compounds co-eluted in conventional 1D GC. Different 
column configurations (e.g. NP/P and P/NP) were investigated to compare and 
contrast the separation of compounds in both incense powder and smoke. In 
addition to this, GC-qMS was used for identification of components in incense 
powder and smoke. However, only about 100 compounds in incense powders 
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and 200 compounds in the incense smoke were identified using this technique, 
principally due to resolution limits in 1D GC, which caused peak overlapping; 
trace level compounds were not detected. In other words, this means that 
conventional GC can not provide sufficient resolution to separate such a 
complex mixtures as this. Although inadequate and/or incomplete information 
will be extracted from GC-qMS, the compounds that were identified by this 
technique indicated that potentially there are various toxic compounds present in 
the smoke. GC-MS technique has been employed as the analytical method to 
characterise hydrocarbons emitted from the burning of garden wastes, bachang 
tree litter falls and grass [178]. They reported that the major components in the 
aliphatic fraction of smoke particulate matter were n-alkanes in the range of C12 
to C36, with an odd to even carbon predominance, whereas, hydrocarbons 
present in the fresh unburnt bachang tree litter falls and grass ranged from C12 
to C36 with C27 and C33 species dominating. Due to the absence of PAH in the 
fresh unburnt samples, whilst, burning of these samples resulted in the 
formation of many PAH compounds in smoke aerosols samples, thus they 
concluded that PAH were generally generated from combustion process. A 
number of biomass burning studies, such as conifer wood smoke, Amazon 
biomass smoke and mixed temperature forest burn were reported by Simoneit 
et al. [179], which showed that the major components of smoke particles from 
tropical biomass are straight-chain, aliphatic and oxygenated compounds and 
triterpenoids from vegetation waxes, resins/gums and biopolymers. GC-MS has 
also been used in other studies, including water-soluble organic compounds in 
biomass burning aerosols [180], organic compounds in atmospheric complex 
mixtures [181], atmospheric organic particles [182] and eucalypt smoke and 
wildfires [183]. However, there are a number of problems, such as the polar 
solvent, which cannot be injected onto the GC column. This prevents the most 
polar compounds from entering the extract encountered in using GC-MS alone 
for identifying atmospheric compounds. The abilities and limitations of current 
GC-MS technology as applied to atmospheric organic particles was reported by 
Rogg et al., [182]. 
Therefore in order to more completely characterize the components emitted into 
the atmosphere by incense burning, a technique such as SPME-GC×GC in 
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tandem with high-speed mass spectrometry is potentially a method of choice for 
identification of possible toxic compounds in incense smoke. 
From previous work, comprehensive two-dimensional gas chromatography 
(GC×GC-FID) after solid phase microextraction appeared to be a suitable 
method for fingerprinting of incense smoke volatiles and comparison of different 
incense types. The aim of the work is to extend the above approach of SPME 
with GC×GC in tandem with time-of-flight mass spectrometry (SPME-GC×GC-
TOFMS) to improve analytical resolution and characterization through GC×GC 
with mass spectral information. Due to its high ion extraction speed, the TOFMS 
analyser is able to generate up to 500 spectra s-1. Since all fragment ions are 
almost simultaneously detected with little or no spectral bias, this technique 
allows clean, unique spectra to be produced and also partially multi-component 
co-eluting compounds may be deconvoluted in the MS domain. This technique 
has been successfully applied to various applications including, coffee bean 
volatiles [152], honey volatiles [184], pepper volatiles [185], monoterpenoids in 
grapes [186] and recently, PAH in olive oils [187]. Likewise, other selective 
detectors such as nitrogen phosphorous detection (NPD) and micro-electron 
capture detection (µECD) may be used for the detection of nitrogen-containing 
(N-containing) and halogenated compounds in both incense powder and smoke. 
The fundamental operation of GC × GC-NPD was reported by Ryan and Marriott 
[188], demonstrating GC × GC-NPD for the analysis of nitrogen containing 
compounds and pyrazines in coffee bean headspace. This technique was later 
applied to the analysis of N-containing compounds in heavy gas oil [189] and 
nanoparticles in roadside atmosphere [115]. GC × GC-ECD also had been 
widely applied to the analysis of organohalogenated compounds [190], 
polychlorinated biphenyls (PCBs) in sludge [191], and food samples [192]. This 
study therefore also reports observations on GC × GC-ECD/NPD for 
simultaneous (ie. parallel) detection of N-containing and halogenated 
compounds emitted by incense burning.   
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4.2 Experimental 
4.2.1 Samples and SPME procedure 
Four different types of incense in various forms, including sticks and cones, 
were used in this study. Incenses were chosen based on their different uses, 
and all differed in appearance, such as length, mass, color and fragrance; lotus 
aromatic incense (Europe) was claimed to have aromatherapy use; Tibetan red 
incense (Hong Kong) was for ceremonial practices for deity worshipping; Brown 
smokeless incense (China) was claimed to be environmentally friendly, 
producing less smoke with reduced air pollution; Medicine herb incense 
(Vietnam) was promoted as effective, non-toxic and non-addictive antidote for 
stress or depression. All incenses were purchased from local gift shops and 
shopping centres (Melbourne, Australia). 
4.2.2 Solid phase microextraction (SPME) 
4.2.2.1 Crushed incense 
One stick of each incense sample was powdered and 5 g of the powder was 
transferred to a 4 mL glass vial with a screw cap and PTFE/silicone septum, in 
order to sample the fragrance/essential oil H/S. Extraction was performed 
manually with an SPME holder (Supelco Inc., Bellefonte, PA, USA). Prior to 
extraction, the polydimethylsiloxane/divinylbenzene (PDMS/DVB) coated fibre 
(65 µm; Stableflex, Supelco Inc.), was conditioned according to the 
manufacturer’s instruction by heating in the GC injection port at 250 °C for 30 
min. The PDMS/DVB fibre was chosen because it is suitable for extraction of a 
broad range of volatile compounds, with both absorption by the PDMS polymer, 
and adsorption by DVB particles [172]. Sampling parameters for H/S SPME 
analysis included effect of extraction time (10 - 120 min), and extraction 
temperature (room temperature ~ 100 °C) for each sample. Extraction at room 
temperature for 60 min was found to adequately trap volatile compounds onto 
the fibre; extraction for longer time at high temperature may result in 
overloading the capillary column for the major component(s). Therefore H/S 
extraction was performed by exposing the 65 µm PDMS/DVB fibres inside the 4 
mL glass vial, 1 cm above the sample for 60 min at room temperature. The fibre 
was then transferred to the GC, and thermally desorbed for 3.5 min into the 
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glass liner of the GC injector at 250 °C. Fibre blanks were run between each 
sample injection to ensure no contamination or carry over from previous 
samples. Since, good repeatability and reproducibility for SPME extraction was 
observed in previous study (Chapter 3); therefore this experiment will not be 
repeated in present study.  
4.2.2.2 Incense smoke 
Sampling of smoke volatiles emitted from burning incense was performed in two 
ways. (Figure 3.1(A) in Chapter 3) shows the set up for extraction of smoke 
volatiles, where the SPME fibre is directly exposed to the smoke stream from 
the incense stick burning inside the inverted glass funnel. This experiment 
allows sorption of smoke volatiles and also potentially particulates from the 
smoke onto the fibre. The fibre turned a brownish colour over time with 
increased sampling events. Sampling the smoke stream over the duration of 
burning of a whole stick, half a stick, and finally for 20 min showed that 20 min 
sampling time was sufficient. Therefore, for both side stream and direct smoke, 
the SPME fibre was exposed for 20 min. 
4.2.2 GC×GC-TOFMS  
GC×GC-TOFMS analysis was performed using an Agilent model 6890 gas 
chromatograph coupled to a Pegasus III time-of-flight mass spectrometer 
(LECO Corporation, St. Joseph, MI). LECO® ChromaTOFTM software (version 
2.00) was used to operate the GC×GC-TOFMS system. The column set 
comprised a non-polar (BPX5) phase column (30 m x 0.25 mm i.d. x 0.25 µm df) 
used in the first dimension (1D), coupled to a polar (polyethylene glycol) phase 
(BP20)-coated capillary (1.0 m x 0.10 mm i.d. x 0.10 µm df) for the second 
dimension (2D) column. Both columns were from SGE International (Ringwood 
Australia). First and second dimension columns were joined using a zero dead-
volume capillary connector (SGE International). Helium was used as carrier gas 
with a constant flow of 1.5 mL.min-1; the column pressure was 414 kPa. The GC 
oven was programmed from 40 °C (2 min), heated to 260 °C at 5 °C/min. A 
Longitudinal Modulated Cryogenic System (LMCS, Chromatography Concepts, 
Doncaster, Australia) was used for trapping and transferring the effluent from 
the 1D to the 2D column. The modulator temperature was set at -20 °C, 
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commencing at 10 min and the modulation period (PM) was 6 s.  
The MS transfer line temperature was 250 °C and the MS ion source 
temperature was 230 °C. The MS detector voltage was -1550 V.  Ionisation was 
performed using electron induced ionisation at +70 eV. The mass spectral data 
acquisition rate was 100 Hz and data were collected over a mass range of 40-
400 u. Total ion chromatogram (TIC) data were processed using the automated 
data processing software ChromaTOFTM, with a signal-to-noise (S/N) of 200, 
and the NIST2005 spectral library was used for peak identification. After 
deconvolution, automated peak identification was supplemented by manual 
validation of individual spectra with that of reference library spectra. 
4.2.3 GC×GC-µECD/NPD 
The GC×GC- µECD/NPD system incorporated an HP6890 (Agilent 
Technologies, Palo Alto, CA, USA) gas chromatograph equipped with a LMCS 
unit. Modulator temperature was set at -20 °C, commencing at 10 min and the 
modulation period (PM) was 6 s. A µECD (Agilent) system was operated at 320 
°C, nitrogen was used as makeup gas at a flow-rate of 100 mL.min-1. The data 
acquisition rate was 50 Hz (the maximum rate). NPD temperature was also set 
at 320 °C with operating condition as follows; detector gas flows at 1.5, 7.0 and 
100 mLmin-1 for hydrogen, nitrogen make-up gas and air, respectively. 
Injections were performed manually by exposing the SPME fibre for 3.5 min via 
an Optic 3 injector operated in the splitless mode at 250 °C with transfer time of 
1 min. The data acquisition rate used for NPD was 100 Hz. Columns and GC 
oven temperature programme are the same as that described chapter 3. HP 
Chemstation software (Agilent) was used to control the GC instrument and data 
acquisition. Two different columns sets were used in this study. Column set 1: 
the first dimension column (1D) comprised a low-polarity phase (BPX5; 30 m x 
0.25 mm i.d. x 0.25 µm df), coupled to a polar (polyethylene glycol) phase-
coated capillary (BP20; 1.0 m x 0.10 mm i.d. x 0.10 µm df) for the second 
dimension (2D). Column set 2: a polar 1D column (50% phenyl polysilphenylene-
siloxane) phase (BPX50; 30 m x 0.25 mm i.d. x 0.25 µm df) was coupled to a 
non-polar 2D column (100% dimethyl-siloxane) phase (BP1; 1m x 0.10 mm i.d. x 
0.10 µm df). All columns were supplied by SGE International. Hydrogen carrier 
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gas was used at 1.5 mL.min-1. Manual SPME injections were made, in splitless 
mode. The injector temperature was 250 °C with FID temperature at 250 °C. 
The GC oven program was from 40 °C (2 min), heated to 260 °C at 5 °C/min for 
column set 1, and at 3 °C/min for column set 2. Modulator cryotrap temperature 
was set at -20°C, commencing at 10 min for column set 1 and 4 min for column 
set 2. The modulation period (PM) was 6 s for column set 1 and 5 s for column 
set 2.  
4.3 Results 
4.3.1 GC×GC-TOFMS data processing 
A non-polar (BPX5) and polar (BP20) column set was used for GC×GC-TOFMS 
separations of volatile compounds in incense powder and smoke. This column 
combination was used previously (Chapter 3) for GC×GC-FID which 
demonstrated good separation of volatile analytes emitted by incense. In order 
to compare the separation of volatile analytes by GC×GC-FID and GC×GC-
TOFMS, accordingly, it was necessary to use the same column combination. 
Note, since many apparently polar compounds can be predicted to form on 
burning; a polar column will exhibit good retention of these, but may need to be 
careful of overloading. Separations of incense powder or smoke on either 
GC×GC-TOFMS or -FID were comparable in terms of relative component 
position since both showed similar relative retention of volatile analytes. 
However, higher back pressure associated with helium use in the TOFMS 
causes analytes to be retained later on the second column. This can cause 
retention times in both first and second dimension to be slightly shifted. More 
‘wrap-around’ occurs, with polar compounds increasingly retained on the polar 
second dimension column, resulting in potential increased likelihood of 
overlapping of compounds in neighbouring modulation events. However, the 
TOFMS technique allows for effective spectral deconvolution, which assists in 
unique component spectra to be isolated in peak co-elution situations.  
For the purposes of this study, the maximum number of unknown peaks was 
limited to 5000, with (S/N) > 200. After data processing, the ChromaTOFTM 
software generated a peak table of approximately 286 compounds in the volatile 
headspace and 4915 compounds in the smoke, respectively, for lotus-scented 
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incense. Identification of compounds was based on a mass spectral library 
search using the NIST library, with a similarity factor set at 800 (i.e. 800/1000, 
80% match); components having lower similarity values than this were reported 
as unknown and were rejected from the peak table. After the elimination of all 
unknowns from the peak table, 1457 peaks remained.  
 
Some of the compounds appeared more than once in the peak table. This 
observation has been reported in previous published literature [193], and arises 
because (i) the analyte may be grouped into two second dimension peaks, 
which were both separately identified; or (ii) a broad second dimension peak 
may sometimes be recognized as two, or more, individual peaks by the data 
processing method, where some compounds occur more than once in the peak 
table, e.g. phenyl alcohol and benzyl alcohol, both highly polar components, 
were retained strongly on the polar secondary column. This resulted in peak 
distortion and broadening in the second dimension due to tailing and therefore 
may be identified several times as individual peaks in the peak table.  
 
An alternative reason for multiple peak identities may be noted for n-
alkanes/alkenes and fatty acid methyl esters (FAMEs) and isomeric compounds. 
Many different n-alkanes, n-alkenes and FAMEs were identified as eicosane 
(C20), tridecene (C13) and tetradecanoic acid methyl ester (C14), respectively. 
These can be considered nominal or representative of their class identifications. 
Manual inspection of spectra for each class of compounds and their relative 
positions revealed that, n-alkanes/alkenes were found to be in the range of C11-
C20 and FAME in the range of C11-C16. This might be due to limitations of the 
system capabilities for detecting compounds with higher molecular mass ions or 
with a reduced molecular ion abundance, which defaults to a generic compound 
identity as above. In the case of isomeric compounds such as 
dimethylnaphthalene and its isomers, most were identified as 2,7-
dimethylnaphthalenes. Clearly, the spectra for dimethylnaphthalene are 
sufficiently similar that the library search software was unable to distinguish 
between each isomer. One of the major advantages of GC×GC is pattern 
recognition, which is often observed in petroleum samples. This allows facile 
group-type identification since compounds with similar chemical structure are 
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grouped/clustered together in bands but show specific, reproducible patterns. 
This identification technique permitted alkyl-naphthalene isomers to be 
distinguished, including methylnaphthalenes and dimethylnaphthalenes in the 
incense smoke; however, individual structural positions are still not 
characterised, in the absence of 2D retention data. 
Manual identification of compounds was performed further to eliminate any 
compounds that occurred more than once in the peak table. In this case, the 
decision was made based on several search criteria such as probability and 
reverse values match. The probability value was used to decide if a mass 
spectrum was ‘unique’; analytes with probability values of over 9000 were 
deemed to be highly likely to be correctly identified, whereas peaks with 
probability values of 6000-9000 were considered as tentatively identified, but 
manual inspection of spectra was required [193]. Since the higher the similarity 
and probability terms, the more likely the fidelity of peak assignment, therefore 
peaks with low similarity (<800) and probability values (<3000) were discarded 
from the peak table, and manual inspection of mass spectra were carried out for 
any peaks with probability value between 6000-9000. Due to a large number of 
peaks detected and identified by GC×GC-TOFMS, it was impossible to manually 
examine the spectrum for each individually; therefore compounds with similarity 
values of more than 800 were considered as tentatively identified. 
4.3.2 GC×GC-TOFMS identification 
Shown in Figure 4.1(A) and 4.1(B) are the GC×GC-TOFMS total ion 
chromatograms (TIC) of lotus-scented incense powder and smoke samples, 
respectively, illustrating the enhanced separation of GC×GC and complexity of 
powder and smoke. The results obtained from GC×GC allowed improved 
identification of compounds comprised in incense samples, since it is possible to 
locate the position of similar compounds that are present in different incense 
samples based on the 2D contour plots. The essential oil type compounds in 
incense powder (Figure 4.1(A)) are readily determined as major components. 
Identified compounds in lotus-scented incense powder are numbered and their 
names are listed in Table 4.1. Identification of these compounds was based on 
GC×GC-TOFMS search criteria described previously. Only major compounds 
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were reported in the table; other minor (trace level) compounds were also 
identified, however, they were not visualized on the contour plots here. 
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(C) 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. SPME-GC×GC-TOFMS total ion chromatogram (TIC) of lotus-scented 
incense (A) powder (with peaks numbered); (B) smoke (with selected assigned peaks 
based on MS library matches). Zone A, consist of predominantly low molecular weight 
N-containing compounds, Zone B, n-alkanes/alkenes, C, FAMEs, D, essential oil type 
compounds, E, di-aromatics such as naphthalene and derivatives including oxygenated 
and hydroxylated, F, phenols and methoxyphenols and G, nitromusk and tri-aromatics 
such as fluorene, phenanthrene and anthracene; (C) library matching of selected 
individual peaks in an expanded plot of smoke sample. 
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Figure 4.1(B) illustrates the added complexity of lotus-scented incense smoke, 
in which literally hundreds of real, resolved chromatographic peaks are found. 
For simplicity the figure does not present all the minor compounds on this plot. 
Peaks with the same position in these plots may be common peaks, present in 
both samples, but this is not a necessary criterion. Despite the fact that more 
wrap-around was observed in GC×GC-TOFMS, the contour plots present a high 
correlation of relative peak positions with the contour plots in Chapter 3 for the 
same sample obtained from GC×GC-FID.  
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Table 4.1. Compounds identified in lotus-scented incense powder, first (1tR) and 
second dimension (2tR) retention times and match quality. 
No. Tentative compound name 1 tR (s) 2 tR (s) Match quality 
1 Benzaldehyde 894 3.890 887 
2 Benzyl Alcohol 1050 3.240 898 
3 2,6-Dimethyl-7-octen-2-ol 1074 2.240 917 
4 3,7-Dimethyl-3-octanol 1122 1.940 926 
5 3,7-Dimethyl-1,6-octadien-3-ol 1128 2.530 911 
6 Benzoic acid, methyl ester 1140 3.120 942 
7 Phenylethyl Alcohol 1188 0.920 965 
8 Acetic acid, phenylmethyl ester 1260 3.280 937 
9 3,7-Dimethyl-1-octanol 1302 2.520 952 
10 Menth-1-en-8-ol 1320 2.660 930 
11 3,7-Dimethyl-6-octen-1-ol, (R)- 1356 3010 915 
12 Acetic acid, 2-phenylethyl ester 1416 3.060 923 
13 4-Methoxy-benzaldehyde 1440 5.090 963 
14 10-Undecanal 1488 1.830 916 
15 3,7-Dimethyl-1-octene 1500 1.540 897 
16 Benzenemethanol, α,α-dimethyl-, acetate 1518 2.280 888 
17 4-tert-Butylcyclohexyl acetate 1542 1.680 828 
18 2-Methoxy-3-(2-propenyl)-phenol 1584 5.380 954 
19 Cis-p-tert-Butylcyclohexyl acetate  1596 1.800 941 
20 5-Methyl-2-(1-methylethenyl)-4-hexen-1-ol, acetate 1602 1.950 881 
21 2-Methyl-2-[4-(1-methylethyl)phenyl]-ethanal 1632 2.850 879 
22 1-(4-tert-Butylphenyl)propan-2-one 1734 2.750 914 
23 2H-1-Benzopyran-2-one 1758 1.250 865 
24 4-(2,6,6-Trimethyl-2-cyclohexen-1-yl-3-penten-2-one 1764 2.030 901 
25 Butylated Hydroxytoluene 1800 2.030 918 
26 Indan-1,3-diol Monopropionate 1842 2.100 828 
27 Lilial 1854 2.400 885 
28 2-Hydroxy-benzoic acid pentyl ester 1866 2.380 953 
29 1-Ethoxy-naphthalene 1866 3.340 907 
30 α-(Trichloromethyl)-benzenemethanol acetate 1884 3.150 908 
31 Diethyl Phthalate 1938 3.970 914 
32 Cedrol 1992 2.260 888 
33 Benzophenone 2016 4.310 935 
34 α-Cadinol 2040 2.530 899 
35 n-Hexyl salicylate 2058 2.440 936 
36 Patchouli Alcohol 2082 2.260 894 
37 2-(Phenylmethylene)-octanal 2184 5.540 865 
38 Benzyl Benzoate 2196 4.050 927 
39 Musk Xylene 2280 3.020 880 
40 2-Hydroxy-benzoic acid phenylmethyl ester 2328 4.180 917 
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By using the identification criteria as described in Section 4.3.1, together with 
manual examination of the mass spectra, the final peak table of the lotus-
scented powder and smoke sample contained 179 and 1038 compounds 
respectively. The total number of peaks detected and identified by this technique 
was almost five times greater than that for GC-qMS (reported in Chapter 3). In 
addition, many trace level compounds are now detectable due to analyte 
refocusing during the modulation step. Most of the compounds identified by GC-
qMS were in agreement with those identified by GC×GC-TOFMS; however, a 
significant number of new compounds were found by the latter technique. 
Among the many hundreds of compounds apparently detected, various 
chemical classes such as alkanes/alkenes, cyclic alkanes, FAME, essential oil 
type compounds, aldehydes, ketones, furans, pyrans, oxygenated compounds, 
substituted aromatics including benzenes and their substituents, PAH including 
oxygenated- and possibly nitrated-PAH, nitriles, heterocyclic compounds were 
tentatively identified. In many cases, particular compound classes are eluted in 
specific zones on the contour plots, because of their similar chemical structure. 
As can be seen in Figure 4.1(B), the contour plot has been divided into different 
zones to locate regions of different classes of compounds, e.g. A is the region of 
low molecular weight N-containing compounds, such as amines, pyrazines, 
pyrroles and pyridines. Regions labelled B, C, D, E, F and G are the n-
alkanes/alkenes, FAME, essential oil type compounds, di-aromatic/oxygenated 
PAH, phenols/methoxy-phenols and nitro-musk, including musk ketone, musk 
xylene and musk ambrette, respectively. 
Shown in Figure 4.1(C) is the same TIC for the lotus-scented incense smoke as 
Figure 4.1(B), along with mass spectra for selected particular peaks, displayed 
together with the mass spectra from the library. Both more intense, and less 
intense, peaks are selected as examples of generally good peak matches. 
4.3.3  Comparison of incense-type smoke based on GC×GC-TOFMS  
The number of compounds produced was dependent on the initial number of 
aroma and organic composition of materials used in the manufacture of incense 
powders, and on the compounds generated by the combustion process. For 
example, red Tibetan and lotus-scented incense were found to emit the most 
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compounds, compared to brown and medicine herb, as evident from the 3D TIC 
surface plots (Figure 4.2).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. TIC 3D plots of incense smoke, lotus-scented incense (A) medicine herb (B), 
red Tibetan (C) and brown.(D) 
 
Different compounds were emitted by the combustion of different incense, 
although many compounds were in common in the smoke samples. Both the 
different base aroma/organic material and the combustion process apparently 
produce different suites of products. For examples, a series of C11-C20 
alkanes/alkenes and C11-C16 FAME were found only in lotus-scented incense 
smoke in large amount, but not in other incense samples. Figure 4.3 represents 
an extracted ion chromatogram (EIC) of lotus-scented incense smoke, which 
shows the present of naphthalene and its substituents and derivatives. The EIC 
plot allows identification of different classes of compounds in the sample by 
selecting the characteristic ions. In this case, ions 128, 142, 156 and 170 m/z 
were selected for naphthalene, methylnaphthalenes, ethylnaphthalene, 
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dimethylnaphthalenes (C2) and trimethylnaphthalenes (C3), respectively.  
Lotus-scented incense smoke was found to produce a large number of 
compound classes such as indenes and furans, including furanone, compared 
to the other three smoke samples. Other classes of compounds such as, 
benzene compounds including methylbenzene, methoxybenzene and 
chlorinated benzene such as 1-chloro-2-ethynylbenzene were generated by all 
four incense smoke samples. Additionally, all four incense smokes were found 
to emit naphthalene, alkylnaphthalene and other PAH such as phenanthrene 
and methylphenanthrenes. Higher molecular weight PAH and nitrated-PAH, for 
instance pyrene and phenanthridine, respectively, were only found in the brown 
incense smoke. Table 4.2 presents an abbreviated list of common peaks 
assigned to four different incense types, along with their presence or absence in 
the powder and smoke. Only selected major compounds are reported in the 
present study, due to the large number of peaks that have been detected and 
tentatively identified by the ChromaTOFTM software; it is not possible to include 
all such identified compounds. 
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Figure 9. Extracted Ion Chromatogram (EIC) of naphthalene and its substituents and 
derivatives. Ions 128, 142, 156 and 170 m/z are for naphthalene, methylnaphthalenes, 
ethylnaphthalene, di-, and trimethylnaphthalenes, respectively. 
 
 
 
 
 
 
 
 
 
Naphthalene 2-Methyl-naphthalene 1-Methyl-naphthalene
C2Naphthalene C3Naphthalene
Ethyl-naphthalene
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Table 4.2. Abbreviated table of indicative compounds (in alphabetical order) identified in the powder (H/S) and smoke (S) of four different 
incense types by using GC×GC-TOFMS.  
Incense types Lotus-scented Red Tibetan Medicine herb Brown  
No. Compounds H/S S H/S S H/S S H/S S 
1 (+)-Sativene a ×b × × ×  × × 
2 Muurolol  ×  ×  ×   
3 1-Naphthalenol ×  ×  ×  ×  
4 1-Methyl-9H-fluorene ×  ×  ×  ×  
5 1,2-Naphthalenedione × × ×  × × × × 
6 1,6-Dihydroxynaphthalene ×  × × × × × × 
7 2-Furanmethanol ×  ×  ×  ×  
8 2-Methoxy-5-methylphenol ×  ×  ×  × × 
9 2,6-Dimethylbenzaldehyde × × ×  ×  ×  
10 2H-1-Benzopyran-2-one ×  ×      
11 3,5-Dimethoxytoluene ×  ×  ×  × × 
12 3,7-Dimethyl-1,6-octadien-3-ol       ×  
13 4H-Pyran-4-one ×  ×  ×  ×  
14 4-Terpinenol × ×  ×  × × × 
15 7-Hydroxy-1-indanone × × ×  × × × × 
16 α-Amorphene   × ×  ×  × 
17 α-Cadinol       × × 
18 α-Calacorene         
19 α-Ionone  × × × × ×  × 
20 α Isomethyl ionone × ×   × ×   
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21 α-N-methyl-ionone    × × ×  × 
22 Acenaphthene ×  ×  ×  ×  
23 Acetophenone         
24 Anthracene ×  × × ×  ×  
25 Aromadendrene         
26 Benzaldehyde         
27 Benz[a]azulene ×  × × × × × × 
28 Benzofuran ×  ×  ×  ×  
29 Benzophenone     ×  ×  
30 Benzyl methyl ketone ×  ×  ×  × × 
31 Cadalene  ×  ×  ×  × 
32 cis-α-Methylstyrene ×  ×  ×  ×  
33 Cubenol         
34 Dibenzofuran ×  ×  ×  ×  
35 Ethylbenzene ×  × × ×  ×  
36 Fluoranthene × × × × × × ×  
37 Fluorene × × ×  × × × × 
39 Furyl hydroxymethyl ketone ×  ×  ×  ×  
38 Hydroquinone ×  ×  ×  ×  
40 Limonene × ×  × × × × × 
41 Menthone  × ×  ×  × × × 
42 Naphthalene     ×  ×  
43 o-Thymol × × × ×   × × 
44 Peonol × × × ×  ×  × 
45 Phenanthrene     ×  ×  
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46 Phenylethyl alcohol ×    ×  ×  
47 Pyrene ×  × × ×  ×  
48 Toluene ×  × × ×  × × 
49 trans-α-Bergamotene × × × ×   × × 
50 Vanillin ×    ×  ×  
a
  compound found in the sample; b× compound absent 
1tR (s) – First dimension retention time 
2tR (s) – Second dimension retention time 
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4.3.4 Simultaneous detection of halogenated and nitrogen-
containing compound using GC×GC-µECD/ NPD 
GC×GC-NPD. The NPD is a highly selective detector, responding to organic 
compounds containing nitrogen and/or phosphorous. The NPD design is similar 
to the FID, except it uses a thermionic NPD bead to generate ions in a 
hydrogen and air plasma. The NPD delivers sample-laden carrier gas and 
hydrogen gas through a steel jet to the detector and over a positively charged 
collector electrode that also serves as the detector exhaust. The NPD also 
responds to hydrocarbons (depending on the flame composition), but it is 
approximately 105 times more sensitive to N- and P-containing compounds. For 
this reason the NPD is often used to detect pesticides, herbicides, N-containing 
drugs of abuse and other trace compounds in a sample.  
Figure 4.4 below shows the GC×GC-NPD contour plots of lotus-scented incense 
powder (4.4(C)) and smoke (4.4(D)), respectively. Evidently, there are many 
small peaks spread over the entire second dimension (not apparent in this 
diagram). Because the two detectors (µECD; NPD) simultaneously record peak 
positions, therefore peaks that appeared at the same spot on both NPD and 
µECD channels are most likely the same compounds. Most of the compounds 
observed in the powder were not present in the smoke, again because they had 
been combusted either partly (and are too small to be recorded) or completely 
during burning. As mentioned earlier most of these compounds are present in 
trace level in the samples, and thus they were not observed on the GC×GC-
TOFMS (or are masked by other major compounds), which prohibits the 
absolute identification of these compounds in the smoke samples. Peak 
assignment for some N-containing compounds is shown in Table 4.3. 
Assignments of these compounds were based on retention time matching 
between GC×GC-TOFMS and GC×GC-NPD. Thus, identification was tentative 
(absolute identification of all halogenated and N-containing is not the aim of this 
work, but rather profiling of differences at the low level of response in the NPD 
and µECD detectors). N-containing compounds were mostly found in the smoke 
sample, which include predominantly pyrazines, pyridines, imidazoles, indoles, 
cinnolines, amines, pyrroles, nitromusk and quinolines. Surprisingly, other N-
containing compounds such as methidathion, which is a non-systemic 
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organophosphorous insecticide and acaricide were found in lotus-scented 
smoke sample. The compound is used to control a variety of insect and mites in 
many crops such as fruits, vegetables, tobacco, alfalfa and sunflower. Hence 
one of the ingredients added to incense powder may have derived from plants, 
where insecticide had been applied. This compound is poisonous to humans, 
because of its capacity to interfere with enzymes related to breathing and other 
nervous system activities. Metacetamol, isoserine, methanamine, 
methylnicotinate and lomustrine were other N-containing compounds found in 
the smoke samples, according to the library search protocol. Note that they 
were not confirmed due to lack of authentic standard compounds. 
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Figure 10. GC×GC-µECD contour plots of lotus-scented incense (A) powder; (B) 
smoke; and GC×GC-NPD (C) powder; and (D) smoke. The same peaks are linked by 
dashed lines, selected compounds have been identified. Peak (1) represents 2-Bromo-
cyclooctanone, (2) 5-(1-Bromo-1-methylethyl)-2-methylcyclohexanol and (3) N-(4-
Bromo-2-methylphenyl)-2-(4-morpholyl) acetamide. 
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Table 4.3. Table of identified N-containing compounds in the powser (H/S) and smoke (S) of four different incense types by using GC×GC-
NPD.  
Incense types Lotus-scented Red Tibetan Medicine herb Brown 
No. N-Containing Compounds H/S S H/S S H/S S H/S S 
1 1-Formyl-1-piperonylhydrazine ×a ×  × × × × × 
2 1(2H)-Phthalazinone hydrazone × b × × × × × × 
3 1H-Benzimidazole, 2-(2,2-dimethylpropyl)- × × ×  × × × × 
4 1H-Imidazole ×  × × ×  ×  
5 1H-Imidazole, 1,4-dimethyl- × × × × ×  ×  
6 1H-Imidazole, 1,5-dimethyl- × × × × ×  × × 
7 1H-Imidazole, 2,4-dimethyl- × × × × ×  × × 
8 1H-Imidazole, 1-methyl ×  × × ×  ×  
9 1H-Imidazole, 4-methyl- ×  × × ×  ×  
10 1H-Imidazole-2-carboxaldehdyde, 1-methyl- ×  ×  × × × × 
11 1H-Indole, 4-methoxy-3-cyanomethyl- ×  × × × × × × 
12 1H-Indole, 1,2,3-trimethyl- × × ×  × × × × 
13 1H-Indole, 1,3-dimethyl- × × ×  × × × × 
14 1H-Indole, 1,4-dimethyl- × × × × ×  × × 
15 1H-Indole, 2,3-dimethyl- × × × × ×  × × 
16 1H-Indole, 2,4-dimethyl- × × × × ×  × × 
17 1H-Indole, 2-methyl- × × ×  ×  ×  
18 1H-Indole, 3-methyl- × × ×  × × × × 
19 1H-Indole, 4-methyl- × × × × ×  × × 
20 1H-Isoindole-1,3-(2H)-dione, 2-methyl- ×  ×  ×  ×  
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21 1H-Pyrrole, 1-(2-furanylmethyl)- ×  × × ×  × × 
22 1H-Pyrole, 1,1’-methylenebis- × × ×  ×  × × 
23 1H-Pyrrole, 1-methyl- ×  × × ×  ×  
24 1H-Pyrrole, 2-methyl- × × × × × × ×  
25 1H-Pyrrole, 3-methyl- × × ×  ×  ×  
26 1H-Pyrrole-2-carboxaldehyde × × ×  ×  ×  
27 1H-Pyrrole-2-carboxaldehyde, 1-methyl- ×  × × ×  ×  
28 1H-Pyrrolo(2,3-c)pyridine × × × × ×  × × 
29 1H-Pyrrolo(2,3-b)pyridine × × × × ×  ×  
30 1-Naphthalenecarbonitrile ×  ×  ×  ×  
31 1-Nitro-bicyclo[6.1.0]nonan-2-one × × × × × × × × 
32 1-[p-Nitrophenyl]-3-[2-morpholinoethyl] urea × × × × ×  ×  
33 1,2,4-Triazin-3-amine, 5,6-dimethyl- × × × × ×  × × 
34 1,3-Benzenedicarbonitrile ×  × × × × ×  
35 1,4-Benzenedicarbonitrile × × × × × × ×  
36 2-Aminocyanoacetamide × × × ×  × × × 
37 2-Benzimidazolecarboxylic acid ×  × × × × × × 
38 2,3-Cyclopentenopyridine ×  × × × × × × 
39 2,4-Hexadienenitrile ×  × × × × × × 
40 2(1H)-Pyridinone, 1-methyl- × × × × × × ×  
42 2,5-Pyrrolidinedione, 1-methyl- × × ×  ×  ×  
43 2,5-Pyrrolidinone, 1-[(3-methylbenzoyl)oxy]- × × ×  × × × × 
44 2-Acetylpiperidine × × ×  × × × × 
45 2-Hydroxy-5-methylbenzohydrazide × × × × ×  × × 
46 2-Indolinone, 3-(phenylimino)- × ×  × ×  × × 
47 2-Isopropylimidazole × × × × ×  × × 
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48 2-Methyl-2-imidazoline × × ×  × × ×  
49 2-Methyliminoperhydro-1,3-oxazine × × × × ×  × × 
50 2-Methyl-3-oxobutyronitrile × × ×  × × × × 
51 2-Propenenitrile, 3-phenyl-, (E)- ×  ×  ×  ×  
52 2-Pyridinamine, 4,6-dimethyl- × × ×  ×  × × 
53 2-Pyridinecarbonitrile ×  ×  ×  ×  
54 2-Pyridinecarboxaldehyde ×  × × ×  × × 
55 2-Pyrrolidinone × × × × ×  × × 
56 2-Pyrrolidinone, 1-methyl- × × × × ×  ×  
57 2-Quinolinecarbonitrile, 4-methyl × ×  × ×  × × 
58 3-Butenamide ×  × × ×  × × 
59 3-Butenenitrile ×  × × × × × × 
60 3-Butyn-2-amine, 2-methyl- ×  × × × × × × 
61 3-Hexanone, 2,5-dimethyl-4-nitro- × × × ×  × × × 
62 3-Hydroxypyridine monoacetate ×  ×  × ×  × 
63 3-Mehyl-2-nitrobenzyl alcohol ×  × × × × × × 
64 3-Oxo-4-phenylbutyronitrile × ×  × ×  × × 
65 3-Pyridinecarboxaldehyde ×  ×  × × × × 
66 4-Acetylpyrazole ×  × × × × × × 
67 4-Aminopyrimidine × × ×  ×  × × 
68 4-Formyl-3,5-dimethyl-1H-pyrrole-2-carbonitrile × × × × ×  × × 
69 4-Isopropylpyridine ×  × × ×  × × 
70 4-Pyridinecarboxaldehyde ×  ×  × × × × 
71 4-Pyridinol ×  × × × × × × 
72 4-Methoxy-1,3-Benzenediamine ×  × × × × × × 
73 4-Methoxy-2,2’-dimethyl-4’-nitrobiphenyl × ×   × × × × 
74 4(1H)-Pyrimidinone, 1-methyl- × × ×  × × × × 
75 4(3H)-Pyrimidinone, 2,3-dimethyl- ×  × × × × × × 
76 4-Methoxymethyl-6-methyl-1H-pyrazolo[3,4- ×  × × × × × × 
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b]pyridine-3-ylamine 
77 5H-1-Pyrindine ×  × × ×  ×  
78 5-Nitro-2-phenyl-2H-[1,2,4]triazol-3-ylamine ×  × × × × × × 
79 6-Ethyltetraline × × × × ×  × × 
80 6-Isopropylquinoline × ×  × ×  × × 
81 9H-Xanthen-9-ylamine ×  × × × × × × 
82 Acetamide × × × × ×  ×  
83 Acetamide, N,N-dimethyl ×  × × ×  ×  
84 Acetic acid , hydrazine × × ×  × × × × 
85 Acetylpyrazine × × × × ×  ×  
86 Acridine × × × × × × ×  
87 α-Naphthoylhydrazine × × × × ×  × × 
88 Benzenamine, N,N-dimethyl- × × × × ×  ×  
89 Benzene, (1-nitroethyl)- × × ×  ×  ×  
90 Benzene, 2-azido-1-methyl-3-nitro- ×  × × × × × × 
91 Benzeneacetonitrile, à-methylene ×  ×  ×  × × 
92 Benzenepropanenitrile ×  ×  ×  ×  
93 Benzene, 1,2,4-tricarbonitrile × × × × × × ×  
94 Benzo[c]cinnoline, 4-methyl- ×  × × × × × × 
95 Benzo[h]cinnoline ×  ×  ×  ×  
96 Benzonitrile     ×  ×  
97 Benzonitrile, 3-methyl- ×  ×  ×  ×  
98 Benzonitrile, 2,3-methyl- × × × × × × × × 
99 Benzonitrile, 3,5-methyl- × × × × ×  × × 
100 Benzonitrile, 4-(dimethylamino)- × × × × × × ×  
101 Benzoyl metronidazole ×  × × × × × × 
102 Benzyl nitrile × ×   ×  × × 
103 Cinnoline ×    ×  ×  
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104 Cinnoline, 3-methyl- ×  ×  × × × × 
105 Cinnoline, 3,4-dimethyl- ×  × × × × ×  
106 Cinnoline, 4-ethyl-3-methyl- ×  × × × × × × 
107 Cyclobutylamine × × ×  × × ×  
108 Cyclohexene, 1-(2-nitro-2-propenyl)-  ×  × ×  × × 
109 Cyclopropanecarboxamide, N-bezoyloxy- ×  × × × × × × 
110 Cyclopropanecarboxylic acid, 4-nitrophenyl ester ×  × × × × × × 
111 Dodecanamide × × × × ×  × × 
112 Dextroamphetamine ×  × × × × × × 
113 Diisopropylcynanamide × × ×  × × × × 
114 Dimethylamine ×  × × × × × × 
115 Ethanone, 1-(1H-pyrazol-4-yl)- ×  ×  × × × × 
116 Ethanone, 1-(1H-pyrrol-2-yl)- × × ×  ×  ×  
117 Ethanone, 1-(2-pyridinyl)- ×  × × ×  × × 
118 Ethylamine × × × × × × ×  
119 Formamide × × × × ×  ×  
120 Formamide, N,N-dimethyl- ×  ×  ×  ×  
121 Heptanediamide, N,N-di-benzoyloxy- ×  × × ×  ×  
122 Hydrazine, 1,2-dimethyl- × × ×  ×  × × 
123 Hydrazine, ethyl- × ×   ×  ×  
124 Indole × × ×  × × × × 
125 Indolizine × × ×  ×  × × 
126 Indolizine, 3-methyl- × × × × × × ×  
127 Indolizine, 3,5-dimethyl- × × × × ×  × × 
128 Isopropylamine ×  × × × × × × 
129 Isoquinoline ×  ×  × × ×  
130 Isoserine ×  × × × × × × 
131 Lomustine × × ×  × × × × 
132 Metacetamol ×  × × × × × × 
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133 Methenamine  ×   ×  ×  
134 Methidathion ×  × × × × × × 
135 Methyl isocyanide × × × × ×  × × 
136 Methyl nicotinate × × × × ×  × × 
137 Methyl nitrate ×  × × × × × × 
138 Morpholine, 4-octadecyl- ×   × × × × × 
139 Musk ambrette  × × × × ×   
140 Musk ketone × ×   × × ×  
141 Musk xylene     × × × × 
142 N-Methoxy-2-carbomenthyloxyaziridine × × × × × ×  × 
143 N-Ethyl-4-nitroaniline × × ×  × × × × 
144 N-(1,1-Dimethyl-2-propynyl)-N,N-dimethylamine ×  × × × × × × 
145 N-Methoxy-N-methylacetamide ×  × × × × × × 
146 N(N’-Methyl-N’-nitroso(aminomethyl))benzamide × × × × ×  × × 
147 N-Pyrrylcarbinol ×  × × × × × × 
148 Oxazolidine ×  × × × × × × 
149 o-Ethylbenzonitrile × × × × ×  × × 
150 p-Ethylbenzonitrile × × ×  ×  × × 
151 Pentane, 2,2,4-trimethyl-4-nitro ×  × × × × × × 
152 Phenanthridine × × × × × × ×  
153 Propanamide × × × × ×  × × 
154 Pyrazine ×  ×  ×  ×  
155 Pyrazine, 2-ethyl-6-methyl- × × × × ×  × × 
156 Pyrazine, ethenyl- × × × × ×  × × 
157 Pyrazine, ethyl- × × × × ×  × × 
158 Pyrazine, methyl- ×  × × ×  ×  
159 Pyridine ×  × × ×  ×  
160 Pyridine, 2-(2-methylpropyl)- × × × × ×  × × 
161 Pyridine, 2-methyl- ×  × × × × × × 
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162 Pyridine, 2,3-dimethyl- ×  × × × × × × 
163 Pyridine, 2,3,6-trimethyl- × × × × ×  × × 
164 Pyridine, 2,4-dimethyl- ×  × × × × × × 
165 Pyridine, 2,5-dimethyl- ×  × × ×  × × 
166 Pyridine, 2-ethyl- ×  × × ×  × × 
167 Pyridine, 3-methyl- ×  ×  ×  ×  
168 Pyridine, 3,4-dimethyl- × × × × ×  × × 
169 Pyridine, 3,5-dimethyl- ×  × × ×  × × 
170 Pyridine, 3-methoxy- ×  ×  ×  ×  
171 Pyridine, 4-methoxy- × × ×  × × × × 
172 Pyridine, 2-phenoxy-4-amino- ×  × × × × × × 
173 Pyridine, 3-ethenyl- ×  ×  ×  × × 
174 Pyridine, 4-phenyl- × × × × ×  ×  
175 Pyrimidine, 4-butyl-3,4-dihydro-5-methyl- × × ×  × × × × 
176 Pyrrole ×  ×  ×  ×  
177 Pyrrolidine × × ×  × × ×  
178 Pyrrolidine, 1-methyl- ×  × × × × × × 
179 Quinoline, 5-methyl- × × × × ×  ×  
180 Quinoline, 2,8-dimethyl- × × × × ×  × × 
181 Quinoline, 2-(1-methylpropyl)- × ×   ×  ×  
182 Quinoline, 8-propyl- × ×  × × × ×  
183 Quinoxaline × × × × ×  × × 
184 Trimethylamine ×  × × ×  ×  
a
  compound found in the sample; b× compound absent 
1tR (s) – First dimension retention time 
2tR (s) – Second dimension retention time 
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Figure 4.5 compares GC×GC-NPD contour plots obtained from four different 
incense smoke samples, (4.5(A)) lotus-scented incense, (4.5(B)) medicine herb, 
(4.5(C)) red Tibetan and (4.5(D)) brown smokeless, respectively. It is worth 
noting that due to the polar nature of some compounds, they are retained quite 
strongly on the second polar (BP20) phase column and consequently lead to 
peak distortion and broadening in the second dimension. This can cause co-
elution with other compounds in the contour plot due to wrap-around effects. 
Similar patterns were observed for all four different incenses, which indicated 
that they tend to emit the same compounds as the powder is burnt. A number of 
badly streaking compounds located from 15 - 20 min in the first dimension 
retention time suggest that these arise from highly polar compounds, potentially 
amines that may either undergo decomposition or tailing in the 1D column. 
Ways to deal with this heavily retained peak is to use thicker film and wider bore 
second dimension column to obtain better peak shapes; however, this will lead 
to severe wrap-around in second dimension. 
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Figure 11. Comparison of different incense smoke samples detected using GC×GC-
NPD (A) lotus-scented, (B) medicine herb, (C) red Tibetan and (D) brown smokeless. 
 
GC×GC-µECD. Halogenated organic compounds are potentially harmful to 
human health due to their toxicity, persistence and bioaccumulation in the 
environment; therefore they have attracted attention worldwide. Due to their 
existence often at trace level concentration in the environment, an analytical 
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method with highly sensitive detection is required for these compounds. The 
electron capture detector (ECD) introduced in the late 1950s by Lovelock 
[194,195] is very sensitive and of excellent response towards halogenated 
compound, probably being the most sensitive GC detector available. The ECD 
is 10-1000 times more sensitive than an FID, for such compounds but with a 
reduced dynamic range. The detection limit for ECD is on the order of 5 
femtograms per second (fg/s) for halogenated compounds, and exhibits a 104-
fold linear range. This makes it possible to detect halogenated compound such 
as pesticides even at levels of only one part per trillion (ppt).  
 
The complexity of lotus-scented incense smoke compared with powder obtained 
from GC×GC-µECD is shown in Figure 4.4(A) and 4.4(B) above, respectively; 
the separations were achieved using a non-polar/polar column combination. 
Clearly, there are few peaks observed during the first 10 to 25 min of the 
analysis in the powder, with more peaks after 25 min. Most of the peaks were 
rather broad in the second dimension, suggesting that these compounds have 
high polarity properties, which caused later elution on the 2nd column. For 
example in the case of red Tibetan powder (contour plot not shown), peaks that 
appeared around 40 min suffered wrap-around and eluted with an apparent 2tR 
of ~ 2 - 4 s. This suggests, these compounds effectively elute at around 8 - 10 s 
in the second dimension, and the modulation period was insufficient for the 
compounds to elute within one modulation cycle, causing them to elute in the 
next modulation cycle. 
 
In contrast to the powder, a considerable number of compounds were produced 
during the incomplete combustion of the incense powder. Common peaks in the 
lotus-scented incense powder and smoke samples are indicated by the circled 
peaks on the plots (Figure 4.3(A) and 4.3(B)). Most noticeably, smoke 
generated many more peaks between 10 to 25 min in the first dimension. This is 
not surprising due to the fact that halogenated compounds such as low 
molecular mass chlorinated aromatics are unintentionally formed and emitted 
into the atmosphere arising from combustion and other thermal processes 
involving organic matter and chlorine. The compounds are spread along the 
entire second dimension retention axis, in which some of the peaks are rather 
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broad and exhibit tailing as evidenced by elongated retention on the polar 
column. This suggests the compounds to be relatively polar halogenated 
compounds. A number of the higher molar mass compounds that were present 
in the powder (e.g. at 1tR ~ 40 min) were not observed in the smoke sample, 
possibly due to the compounds being partly or completely combusted to 
produce lower molar mass compounds; thus not many compounds were 
observed after 25 min. Halogenated compounds found mainly in the smoke 
samples were chlorinated and brominated compounds. A total of 24, 10, 7, and 
6 halogenated compounds were tentatively identified in lotus-scented, red 
Tibetan, medicine herb and brown, respectively in Table 4.3. Th exact source of 
these compounds, and processes that may form them as a result of combustion, 
is not a part of the scope of this work. However, it is important that using 
GC×GC-µECD technology it is possible to profile such compounds, and 
potentially undertake studies into the chemistry, fate and generation of such 
compounds arising from combustion. 
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Table 4.4. Table of identified halogenated compounds in the powder (H/S) and smoke (S) of four different incense types by using GC×GC-
µECD.  
Incense Types Lotus-Scented Red Tibetan Medicine herb Brown 
No. Halogenated Compounds H/S S H/S S H/S S H/S S 
1 1-Butyne, 4-chloro-3-methyl-3-phenyl- ×a × × × ×  × × 
2 1-Chloro-4-(2-chloroethenyl)benzene b  × × × × × × 
3 1-Chloro-4-methylcyclohexane ×  × × × × × × 
4 1-Chloro-9-phenylnonane ×  × × ×  ×  
5 1H-Indene, 1-chloro-2,3-dihydro- × ×  × × × × × 
6 1-Naphthyl chloroacetate ×  ×  × × × × 
7 2-Butanoyl chloride ×  ×  × × × × 
8 2-Chloroethyl linoleate ×  × × × × × × 
9 2-Hexanone, 6-bromo- ×  × × × × × × 
10 2-Piperidinone, N-[4-bromo-n-butyl]- × × × × × × ×  
11 2-Propanol, 1-chloro- ×  × × × × × × 
12 2,4-Dichlorophenethylamine × ×   × × × × 
13 2,4-Methano-1H-indene, 4-chlorooctahydro- ×  × × × × × × 
15 5-(1-Bromo-1-methyl-ethyl)-2-methyl-
cyclohexenol × ×   × × × × 
16 6-Bromohexanoic acid, 2-isopropoxyphenyl ester ×  × × × × × × 
17 Acetamide, N-(4-bromo-2-methylphenyl)-2-(4-
morpholyl)- ×    × × × × 
18 Acetic acid, trifluoro, 3,7-dimethyloctyl ester × × × × ×  ×  
19 Acetic acid, trifluoro-, tetradecyl ester × × × × ×  × × 
20 Benzenemethanol, à-(trichloromethyl)-, acetate     ×  × × 
21 Benzene, 3-chloro-3-methylbutyl- ×  × × × × × × 
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22 Benzene, 1-chloro-2-ethenyl- ×  × × × × × × 
23 Benzyl chloride × ×   × × × × 
24 Benzyl,  2-chloroethyl sulfone ×  ×  × × ×  
25 Benzyl alcohol, α-(trichloromethyl)-, acetate ×  × × × × × × 
26 Bornyl bromide × × × × × ×  × 
27 Cyclodecene, 3-bromo- × × × × × ×   
28 Cycloocatanone, 2-bromo- × × ×  × × × × 
29 Cyclopropane, 2-bromo-1-methyl-1-phenyl- × × × × ×  × × 
30 Dichloroacetic acid, tridecyl ester × ×  × × × × × 
31 Furan, 2-(dichloromethyl)-tetrahydro- ×  × × × × × × 
32 Furan-2-carbonyl chloride, tetrahydro- ×  × × × × × × 
33 Hexane, 3,3,4,4-tetrafluoro- ×  × × × × × × 
34 Hexane, 3-bromo- ×  × × × × × × 
35 Pentane, 3-bromo- ×  × × × × × × 
36 Phenethylamine, N-benzyl-p-chloro- × × ×  × × × × 
37 Phosphorous dichloride, (1,7,7-trimethylbicyclo[2.2.1]hept-2-yl- ×  × × × × ×  
38 Phthalic acid, (2-chlorocyclohexyl)methyl ethyl 
ester × ×  × × × × × 
39 p-Methane, 2,3-dibromo-8-phenyl- × × × × ×  × × 
40 Propanoic acid, 3-chloro-, 4-formylphenyl ester ×  × × × × × × 
a
  compound found in the sample; b× compound absent 
1tR (s) – First dimension retention time 
2tR (s) – Second dimension retention time 
 
Chapter 4 GC×GC-TOFMS/NPD/µECD for incense analysis  
117 
Identification of halogenated compounds was performed by matching relative 
retention patterns of peaks obtained from GC×GC-µECD to those of the 
GC×GC-TOFMS TIC contour plots. Again, only peaks with matching quality of 
more than 800 and probability values of more that 3000 will be accepted for 
tentative identification. Although, many peaks were observed on the GC×GC-
µECD plots, only a few peaks had been identified as chlorinated and/or 
brominated compounds by GC×GC-TOFMS. The reason for this is that the 
greater ECD sensitivity towards ECD active compounds exceeds the ability of 
the TOFMS to provide identification, so the latter technique is not sensitive 
enough to detect and positively identify these compounds. Comparisons of 
different incense smokes obtained from GC×GC-µECD are shown in Figure 4.6.  
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Figure 12. Comparison of different incense smoke samples detected using GC×GC-
µECD (A) lotus-scented, (B) medicine herb, (C) red Tibetan and (D) brown smokeless. 
Selected common peaks that are present in all smoke samples are indicated by black 
ovals. 
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It is apparent that lotus-scented and red Tibetan smoke generated more ECD-
active compounds compared to the other two smoke samples. However, one 
can observe that the contour plots show some similarity, which allows easy 
pattern comparison between different smoke samples. Based on pattern 
comparison (Figure. 4.6), it is obvious that many compounds are present in all 
samples (indicated by black ovals on the 2D plot), although the relative amounts 
of these compounds may vary. Conversely, some other compounds were found 
to be present in only 1 or 2 samples. The possibility of fingerprint type sample 
comparison, aids sample-to-sample comparison and component identification 
across the sample suites. The ECD was able to detect not only halogenated 
compounds, but it has the capability of detecting N-containing compounds. 
Previous studies showed the ECD could be used for measurement of nitrated 
polycyclic aromatic hydrocarbons in atmospheric particulates [196]. Therefore, 
peaks visualized on the GC×GC-µECD plots are most likely to comprise both 
halogenated and N-containing compounds. By comparing the NPD detector 
response, it is possible to identify those compounds which are most likely to 
comprise N-compounds (NPD is not halogen active). Another possibility could 
be that the compounds contain both nitrogen and chlorine, for example, 3-
benzyl-6-chloro-3,4-dihydro-2H-1,3-benzoxamine, which was detected in lotus-
scented incense powder by both ECD and NPD; this compound contains both 
nitrogen and chlorine. The dual NPD/ECD detection in comprehensive two-
dimensional gas chromatography approach has previously been reported for the 
analysis of multiclass pesticide analysis [197], in which they redefined the 
Detector Response-Ratio (DDR) to DDRx to calculate the ratio value, which may 
be used as support for compound identification. 
4.4 Conclusions 
This study demonstrates the usefulness of SPME-GC×GC-TOFMS for a 
comprehensive qualitative analysis of incense powder and smoke. Results 
obtained from this approach suggested that the method is suitable for more 
complete chemical composition characterization and fingerprinting of different 
incense powders and their combustion products. In addition, this technique not 
only allows separation of incense powder and smoke volatile compounds, but 
also provides simultaneous identification of those compounds, making it one of 
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the most powerful techniques for volatile chromatography analysis. Additionally, 
mass spectral deconvolution by the TOFMS software allows clean unambiguous 
spectra to be produced for partially co-eluting compounds. 
 
Furthermore, this study exhibited that GC×GC-µECD/NPD allows simultaneous 
dual detection of halogenated and N-containing compounds in incense smoke 
samples. A large number of halogenated and N-containing compounds were 
observed in both GC×GC-µECD and GC×GC-NPD plots, respectively. However, 
only a small number of these peaks were tentatively identified by GC×GC-
TOFMS based on first and second dimension retention time matching with 
GC×GC-µECD/NPD, since many of the compounds are only present in trace 
level concentration in the smoke samples (below the TOFMS identification 
criteria and threshold); therefore, whilst they were visualized on the ECD/NPD 
plot, the TIC abundance and match quality was inadequate for absolute 
identification. Although, GC×GC-µECD/NPD showed great potential for use in 
the routine comparative analysis of halogenated and N-containing compounds in 
combustion products as well as other complex samples 
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Chapter 5: Quantification of Polycyclic Aromatic 
Hydrocarbons based on comprehensive two-
dimensional gas chromatography-isotope dilution 
mass spectrometry 
 
 
 
 
 
5.1 Introduction 
Polycyclic aromatic hydrocarbons (PAHs) are organic pollutants ubiquitous in 
the environment, that are generated during the incomplete combustion of 
different natural [198-201] and anthropogenic [202-209] sources. The exposure 
to PAHs represents a risk for human health due to their well documented 
genotoxic and carcinogenic effects [210,211]. The International Agency for 
Research on Cancer [212] has classified them as possible and probable 
carcinogenic for the human.  
 
The main intake route for PAHs in the human is by the respiratory system, in 
which associated with sub-micron-sized particles they may penetrate deep into 
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the lung alveoli [213,214]. Poster et al., [215] described state of the art gas 
chromatographic techniques for the determination of PAH. Different mass 
spectrometric techniques employing different methodologies, and including the 
standard test methods, were reported. Poster et al. [215] also commented on 
the necessity to employ selective and sensitive analytical methodologies to 
determine PAHs in different environmental matrices, in which an exceedingly 
high number of target and matrix compounds in different concentrations 
represent a challenge for the elucidation of these target trace PAH compounds.  
 
In general, the analysis of PAHs after sampling is commonly based on a 
laborious analytical sample treatment involving organic extraction, pre-clean up 
step(s), followed by instrumental analysis [216,217]. Interfering substances can 
represent a major problem when PAHs are in trace level concentrations, as is 
the case of atmospheric particles. The chromatographic techniques most 
employed for this task include many based on liquid chromatography (LC) and 
by gas chromatography (GC). However, GC is more widely-applicable, and 
preferred over LC generally due to the former’s greater selectivity, resolution 
and sensitivity than LC [218,219]. Coupling of GC with mass spectrometry (MS) 
offers greater selectivity and sensitivity [44]. Notwithstanding the above 
instrumental-based selectivity, if the sample is highly complex, prior clean-up 
steps are often also necessary.  
 
One possibility to enhance analytical selectivity and sensitivity for target 
compound analysis, and to minimize sample pre-treatment (therefore increasing 
efficiency and decreasing uncertainty), is to employ comprehensive two-
dimensional gas chromatography (GCxGC). GC×GC offers high resolution [220] 
and improved selectivity [221,222] over one dimensional gas chromatography 
(1D GC). The application of GCxGC to determination of PAHs in several 
environmental samples has been recently reviewed by Tran et al., [60]. The 
mechanism of separation and advantages brought to typical analyzes through 
the use of GC×GC will not be separately reviewed here, since the principles 
have been discussed in previous chapters, apart from highlighting that proper 
choice of columns results in an increase in peak capacity [1,220]. However, 
conventional considerations of separations based on a non-polar – polar 
column arrangement in which PAHs tend to be more strongly retained in the 
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second dimension, may be contrasted with the polar-non polar column 
arrangement (also referred to as the “inverse” column arrangement), has also 
been employed [110,114] where PAHs tend to be eluted rather earlier on the 
second (2D) column than other classes of compounds. Vogt et al. [117] 
employed this set of column enhance the resolution between alkanes, 
cycloalkanes and alkenes, and has been highlighted in Chapter 2. 
 
GC×GC has been extensively used as a qualitative technique to identify several 
classes of compounds in different matrices [223-224,83-85]. However, 
quantitative studies either require laborious manual procedures, or specially 
developed software available from only a few sources. Adachlour et al. [86] and 
Amador-Muñoz and Marriott [225] recently reviewed different quantitative 
methods, including chemometrics approaches. Thus whereas 1D GC 
quantification is a routine and well-established procedure, it is not so 
straightforward in GC×GC especially where novel or untested procedures have 
yet to be incorporated into software packages.  
 
In GC×GC, the number or the distribution of modulated peaks arising from each 
single component depends on the modulation ratio (MR) [226]. For a 
symmetrical peak this has been defined as: 
 
 MR = (4 x wh) / PM = (4 x wb) / (PM x 2.35),  
 
where wh and wb are the peak widths at half peak height and at baseline, 
respectively, for the peak distribution at the end of the first dimension column 
(1D column), and PM is the modulation period.  
 
The modulation ratio serves to accurately define the modulation period of a 
GCxGC experiment as related to the width of a peak that enters the modulator, 
and offers an alternative to the less well defined term of modulation number 
(nM). It may aid in selecting an appropriate modulation period that should used. 
Khummueng et al., [226] also showed that often it should be possible to 
measure a high proportion of the total peak response in a model that sums a 
small number of the GCxGC modulated peaks, but sometimes peak recovery 
may be 75% or less, depending upon total solute injected amount, the number 
of peaks chosen to sum, the S/N ratio, and modulation phase. Also, it was 
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apparent that measurement of 100% of the total peak response cannot be 
guaranteed. 
 
An option to overcome this variability arises when a peak response is to be 
compared with that of an internal standard, or potentially also an external 
standard, where only the most intense peak areas are measured, and the ratio 
of solute-to-standard peak is considered. A specific case was illustrated by 
Amador-Muñoz and Marriott [225], in which an alternative quantitative method 
was proposed to estimate the amount of specific PAH based on the ratios 
between the areas of the two or three most intense modulated peaks, and those 
of their respective deuterated internal standard. In this case, the total modulated 
peak response was also measured, but there was no significant difference 
between the relative response factors (related to the calibration curves) in terms 
of sensitivity. An average bias of < 6% was found when the 2- and 3-summed 
modulated peak metric was compared with the ratio obtained using the total 
modulated peak area sum, and < 9% when it was compared with the ratio of the 
same non-modulated peaks.  
 
In this study, we apply the concept of selecting a sub-set of each modulated 
peak rather than the total peak distribution, and apply the method to a real 
atmospheric sample – a standard reference material (SRM 1649a issued by the 
National Institute of Standards and Technology (NIST)) of atmospheric particles 
as a study case of a complex mixture. This material is an urban dust collected in 
Washington, DC, USA with certified values for 22 PAH and other elemental and 
organic constituents (for more details see NIST [227]). The SRM are 
homogeneous and stable materials well characterized for one or more 
properties, as described elsewhere [215,228-230], taken as a reference for 
interlaboratory or intralaboratory comparisons, method validation and 
instrument calibrations. The GC×GC coupled to TOFMS methodology was 
applied to resolve and quantify PAHs based on the responses of their 
respective selected mass ion responses, relative to their respective internal 
standards used as surrogates, using the consideration of modulation ratio and a 
limited set of summed peaks. 
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This study was carried out in collaboration with other researchers from Grupo 
de Mutagenesis Ambiental Centro de Ciencias de la Atmosfera, Univeridad 
Nacional Autonoma de Mexico, Mexico. The authors’ contributions in this work 
include assisting on the development of Accelerating Solvent Extraction method 
for extracting PAH from SRM1649a, aided the conduct of GC×GC-TOMFS 
analysis and discussed on the interpretation of GC×TOFMS data, and worked 
on manuscript for publication. 
5.2 Experimental 
5.2.1 Standards and standard reference material 
The following PAH (with abbreviations and selected ion masses in parentheses) 
were used: phenanthrene (Phen) (178 u), anthracene (Ant) (178 u), 
fluoranthene (Flt) (202 u), pyrene (Pyr) (202 u), benz[a]anthracene (BaA) (228 
u), chrysene (Chrys) (228 u), benzo[b]fluoranthene (BbF) (252 u), 
benzo[k]fluoranthene (BkF) (252 u), benzo[a]pyrene (BaP) (252 u), perylene 
(Per) (252 u), indeno[1,2,3-cd]pyrene (I123cdP) (276 u), and 
benzo[ghi]perylene (BghiP) (276 u), were obtained from Chemservice (West 
Chester, PA, USA) and Chiron AS (Trondheim , Norway). The deuterated PAH 
compounds (PAH-d; selected ion masses): [2H10]phenanthrene-d10 (Phen-d10; 
188 u), [2H10]anthracene-d10 (Ant-d10; 188 u), [2H10]fluoranthene-d10 (Flt-d10; 212 
u), [2H10]pyrene-d10 (Pyr-d10; 212 u), [2H12]benz[a]anthracene-d12 (BaA-d12; 240 
u), [2H12]chrysene-d12 (Chrys-d12; 240 u), [2H12]benzo[b]fluoranthene-d12 (BbF-
d12; 264 u), [2H10]benzo[k]fluoranthene-d12 (BkF-d12; 264u), 
[2H10]benzo[a]pyrene-d12 (BaP-d12; 264u), [2H10]perylene-d12 (Per-d12; 264 u), 
[2H10]indeno[1,2,3-cd]pyrene-d12 (I1,2,3cdP-d12; 288 u), and 
[2H10]benzo[ghi]perylene-d12 (BghiP-d12; 288 u) were obtained from Chiron AS 
(Trondheim , Norway). The standard reference material SRM 1649a was an 
urban dust from the National Institute of Standard and Technology (NIST) 
(Gaithersburg MD, USA). Ion masses chosen were normally those of the mass 
spectral base peak. 
5.2.2 Extraction of PAH from the standard reference material 
Four samples of reference material SRM 1649a urban dust were weighed to 
give masses of 139.6, 119.2, 77.2 and 53.5 mg. Each sample, and the sample 
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blank, were separately spiked with a solution containing the PAH-d with the 
following concentrations (ngmL-1): Phen-d10 (0.822), Ant-d10 (0.250), Flt-d10 
(0.800), Pyr-d10 (1.498), BaA-d12 (0.805), Chrys-d12 (0.640), BbF-d12 (1.600), 
BkF-d12 (1.284), BaP-d12, (1.143), Per-d12 (0.472), I123cdP-d12 (1.280) and 
BghiP-d12 (3.137). Pressurize liquid extraction (PLE) was carried out on an ASE 
200 system (Dionex, Sunnyvale, CA, USA) employing 11 mL cells and 5 mL of 
methylene chloride (HPLC grade) in three cycles of 5 min each, with a pre-heat 
of 5 min at 100 ºC and 1500 psi applied pressure. All extracts were filtered 
through a 13 mm teflon filter with 0.45 µm pore size. Solvent was evaporated to 
a volume of approximately 1 mL. 
5.2.3 Chromatographic and mass spectrometry conditions  
The organic extracts of the SRM were analyzed by gas chromatography 
(Agilent Technologies model 6890 plus) fitted with a longitudinally modulated 
cryogenic system (LMCS; Chromatography Concepts, Doncaster, Australia), 
coupled to time-of-flight mass spectrometer (TOFMS; LECO Pegasus III). Both 
single column gas chromatography (GC) and comprehensive-two dimensional 
gas chromatography (GC × GC) were applied to analysis of all extracts. A liquid 
auto sampler injector (Agilent model 7683) was used to inject 2 µL extract 
volumes in splitless mode for 60 s at 325 ºC. The oven was equipped with a 
BPX5 (30 m x 0.25 mm id x 0.25 µm film thickness (df)) first dimension (1D) 
column, coupled to a BPX50 (1.0 m x 0.1 mm id x 0.1 µm df) 2D column (all 
columns were supplied by SGE International, Ringwood, Australia). The 
temperature program was 35 ºC (1 min hold), heated at 20 ºC min-1 to 80 ºC 
(hold 0 min), then 3 ºC min-1 to 340ºC (hold 5 min). Helium was used as carrier 
gas at 1.5 mL.min-1. The ion source was operated at 250 ºC, with spectra 
summed to give a data rate of 100 spectra s-1 in electron ionization mode at 70 
eV and a multi-channel plate voltage at -1650 V, with a scan range from 40-500 
u.  
 
The LMCS modulation was commenced at 10.00 min, with the cryotrap 
temperature maintained at a constant +100 ºC. The modulation period was 2 s 
and the cryotrap was held in the release position for 0.5 s. Data were processed 
using LECO ChromaTOF v. 3.25 software, optimized for the Pegasus system, 
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analyzing the target ions for identification and quantification employing the 
unique mass, and peak width at base 10 s for 1D GC and 120 ms for that of 
GC×GC with a signal to noise ratio equal to 3. The modulated peak areas were 
obtained from both manual integration and automatic software integration, and 
recorded in an Excel spreadsheet for processing. 
5.3 Results and Discussion 
One problem for estimation of compound amount analyzed by GCxGC, is the 
estimation of less than the total area due to possible imprecision in, or lack of 
recognition of, the modulated peaks at the extremity of each solute. Whilst 
commercial software packages are improving in their ability to identify target 
compounds, automated quantitative analysis has lagged behind for their report 
on new applications of GC×GC. Also, new approaches to qualitative and 
quantitative analysis may extend beyond conventional methods, and so 
dedicated software may not yet be available. Once validation of new 
approaches is confirmed, these may eventually be incorporated into dedicated 
software. Chemometric tools based on multivariate techniques represent an 
option for identification and quantification [230-237] but these require 
considerable user development. In this present study, a subset of the 
modulated peaks generated by each solute is summed, based on the specific 
target ion of each compound. The unique ion plots showed a relatively large 
number of modulated peaks (Figure 5.1) and this number increases when tailing 
of the chromatographic peaks is present. The relative small PM (large MR) value 
naturally leads to many peaks being generated. 
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Figure 5.1. Modulated peaks of Flt-d10 (I), Flt (II), Pyr-d10 (III), Pyr (IV), along with that 
of unknown compound(s) (V), in the complex organic mixture extract of 139.6 mg of 
urban dust SRM 1649a. Note that compounds I, III and V correspond to mass 212 
trace, and II and IV correspond to mass 202 trace. 
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Table 5.1. Retention time in the first (1tR) and second (2tR) of fluoranthene (202 m/z) in extract of 139.6 mg of urban dust SRM 1649a.  
NID, modulated peak not identified; NINT, modulated peak not integrated. The peaks were integrated based on the quantification ion (202u), dragging the 
pointer over the peak at the baseline. Differences are half the value range, and % difference is the (100 × difference/mean) value. 
a Units of 1tR, 2tR in Table 5.1 and 5.2 are s. 
 
Manual integration Software integration 
First injection Second injection First injection Second injection 
Modulated 
peak number 
1tR,     2tR Response 1tR,     2tR Response 1tR,     2tR Response 1tR,     2tR Response 
1 3124 , 0.720 5555 3124 , 0.690 5476 3124 , 0.720 5554.5 3124 , 0.690 5476 
2 3126 , 0.690 53698 3126 , 0.680 42534 3126 , 0.690 53698 3126 , 0.680 42534 
3 3128 , 0.640 188576 3128 , 0.700 130982 3128 , 0.640 179812 3128 , 0.700 130982 
4 3130 , 0.650 290785 3130 , 0.710 229968 3130 , 0.650 273972 3130 , 0.710 229968 
5 3132 , 0.670 197263 3132 , 0.630 208408 3132 , 0.670 189474 3132 , 0.630 208408 
6 3134 , 0.640 79764 3134 , 0.620 109165 3134 , 0.640 79764 3134 , 0.620 109165 
7 3136 , 0.590 32580 3136 , 0.640 42211 3136 , 0.590 32580 3136 , 0.640 42211 
8 3138 , 0.610 16776 3138 , 0.630 20773 3138 , 0.610 16776 3138 , 0.630 20773 
9 3140 , 0.620 14693 3140 , 0.600 12285 3140 , 0.620 11007 3140 , 0.600 12285 
10 3142 , 0.590 9434 NID 9659 3142 , 0.590 7251.3 NID NINT 
11 3144 , 0.600 6473 NID 7054 3144 , 0.600 4125.3 NID NINT 
12 3146 , 0.580 5316 3146 , 0.590 4925 NID NINT 3146 , 0.590 4924.9 
13 3148 , 0.570 3670 3148 , 0.590 5636 3148 , 0.570 3670.1 3148 , 0.590 2523.7 
14 NID 3518 NID 3574 NID NINT NID NINT 
15 3152 , 0.540 3011 NID 2976 NID NINT NID NINT 
Sum 
 911110  835626  857684  809251 
Average 873368 833467 
SD 53376 34248 
% RSD 6.1 4.1 
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Table 5.1 compares the number of modulated peaks manually and 
automatically detected for Flt, where 139.6 mg of the organic extract of 
atmospheric particulate material was analyzed in duplicate. In this case, the 
average of the total area sum for the manual mode integration was higher than 
for automatic detection due to non-recognition, or misidentification of small 
peaks at the extremities of the modulated peak group in the latter mode and to 
incomplete integration (valley-to-valley) made by the software. However, both 
responses were of the same order of magnitude, with a lesser variation in the 
automatic mode with respect to the manual mode. Figure 5.2 and Table 5.2 
show respective data for modulated peaks of BaP under both modes of 
integration. The manual integration mode produced 3.6 times higher response 
than that with automatic integration, and with much better repeatability. The 
difference in the response was due to misidentification and inadequate 
integration by the software of the ion 252 u, adjudicating different unique 
masses to several modulated peaks of the BaP. This is certainly exacerbated 
when low responses are to be quantified. According to the Pegasus manual, 
when a peak is too small, the ions are strongly influenced by the noise or by the 
neighboring compounds, and this may affect unique mass correct assignment, 
which leads to reduced integration precision. The difference in this integration 
quality between Flt and BaP was due to higher mass spectral response of the 
Flt with respect to BaP. 
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Figure 5.2. Modulated peaks of BbF-d12 (VI), BbF + BkF (VII) (most probably 
benzo[j]fluoranthene also coeluted), unknown compound (probably isomer of 252 u) 
(VIII), BaP-d12 (IX), BaP (X), Per-d12 (XI), Per (XII), in the complex organic mixture 
extract of 139.6 mg of urban dust SRM 1649a. Note that compounds VI, IX and XI 
correspond to mass 264 trace, and VII, VIII, X and XII correspond to mass 252 trace. 
 
 
 
 
 
 
 
 
 
 
 
0
4250
0
4300
0
4350
0
4400
0
4450
0
4500
250
500
750
1000
1250
1500
1750
2000
2250
1st Time (s)
2nd Time (s)
264
252
VI
VII
VIII
IX
X
XI
XII
Chapter 5 PAH analysis - GC×GC-ID-TOFMS  
132 
Table 5.2. Retention time in the first (1tR) and second (2tR) dimension of benzo[a]pyrene (252 m/z) in the extract of 139.6 mg of urban dust SRM 
1649a.  
Manual integration Software integration 
First injection Second injection First injection Second injection 
Modulated peak 
number 
11tR,    2tR Response 1tR,    2tR Response 1tR,     2tR Response 1tR,    2tR          Response 
    
NID 3610 NID 5095    4396 , 1.670. (324) 1069.1 NID NINT 
2 NID 1404 NID 4791    4398 , 1.690. (50) 2101.1 4398 , 1.680, (215) 2162 
3 NID 8641 NID 6532    NID NINT 4400, 1.680. (276) 2241 
4 NID 18987 4404,1.770 15603    4402 , 1.790 11754 NID NINT 
5 4404, 1.750 25282 NID 24334    4404 , 1.750 18513 4404 , 1.770 11446 
6 NID 25186 NID 19465    NID NINT NID NINT 
7 NID 16009 NID 12738    4408 , 1.680. (126) 8245.3 NID    NINT 
8 NID 8334 NID 18957    4410 , 1.640. (324) 1816.7 NID    NINT 
9 NID      11177 NID 9514      4412 , 1.660. (324)    2085.3 4412 , 1.720, (130) 2960 
10 NID 5485 NID 9524      4414 , 1.680. (324)    701.46 4414 , 1.650, (150) 1969 
11       4416 , 1.660. (324) 765.95 4416 , 1.640 441 
12       4418 , 1.640. (75) 619.25 4418 , 1.640, (324) 667 
Sum 124115  126553   47671         21886 
Average 125334 34779 
SD 1724 18233 
% RSD 1.4 
Modulated peak responses were analyzed in duplicate. Both manual and automatic integrations were conducted. NID, modulated peak not identified; NINT, 
modulated peak not integrated. The peaks were integrated based on the quantification ion (250u), dragging the pointer over the peak at the baseline. In the 
automatic integration mode, the number in parenthesis was reported as the “unique mass” read directly from the integration table. Differences are half the 
value range, and % difference is the (100 × difference/mean)value. 
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The above two compounds were taken as examples of the differences in the 
manual and automatic recognition of the modulated peaks. Thus, it might be 
supposed from this, that in some cases of automatic peak detection, some 
modulated peaks might be omitted from the calculation; it must be tested in 
order to decide if this is a potential problem, or if there are ways in which it 
might be possible to manage such a situation. Table 5.3 summarizes the total 
number of modulated peaks identified and quantified based on the target ion of 
each compound at all four concentration levels (i.e. all 4 particulate samples). In 
some cases, the software could not recognize any signal, most frequently 
arising from the lower amounts of PAHs, in the smaller dust replicates. In these 
cases manual integration was performed based on the respective quantification 
ion, manually adding a peak and correcting the area by properly identifying 
peak start/peak stop points.  
 
A second problem in the automatic integration at low response level was the 
incorrect assignment of unique masses to the area of modulated peaks of the 
target compound; this generates an incorrect response compared with the 
expected total response. Logically, the responses from the automatic integration 
will then be lower than those from the forced manual integration, as in the case 
of BaP (Table 5.2). Here, the responses are compared between that 
automatically generated with a different (incorrect) unique mass, and that 
obtained from the manual integration by adding a peak and then integrated 
based on the proper specific quantification ion; the latter responses were higher 
in all cases compared with those of the automatic integration method. Due to 
coelution between BbF with BkF on the present column set (and also is likely 
with benzo[j]fluoranthene present in the samples) and between BbF-d12 with 
BkF-d12, these compounds were not considered in this discussion and analysis.  
 
To validate the adequacy of these “added responses”, the amount of BghiP 
obtained in each concentration level of SRM 1649a was compared with the 
certified value, taking into account that almost no modulated peaks for BghiP 
were automatically detected by the software in the last three concentration 
levels (119.2, 77.2 and 53.5 mg) and so, all of them were manually added. 
Inclusive of the highest of these concentration levels (119.2 mg), six from a total 
of eleven peaks were manually integrated (Table 5.3). Figure 5.3 shows the 
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amount of BghiP at each concentration level based on the ratios (explained 
below) between the sum of the total modulated peaks manually integrated, with 
respect to BghiP-d12, and compared with the certified reference value. Good 
agreement was obtained. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3. Benzo[ghi]perylene (ng mg-1) levels found in the complex organic mixture 
extract of urban dust SRM 1649a, manually integrated. The bars indicate the range of 
data values (n=2). 
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Table 5.3. Numbers of modulated peaks detected for manual and automatic integration at each concentration level.  
Quantification ion (u) 139.6 mg 119.2 mg 
Manual Automatic Manual Automatic Compound 
 
1st run 2nd run 1st run 2nd run 1st run 2nd run 1st run 2nd run 
Phen-d10 188 11 11 9* 6* 14 14 9* 6* 
Phen 178 12 10 12* 11* 17 17 16* 12* 
Ant-d10 188 7 8 5* 3* 8 9 4* 1* 
Ant 178 13 9 6* 6* 10 10 5* 9 
Flt-d10 212 10 10 7* 9* 11 12 9* 8* 
Flt 202 15 15 11 11 18 18 19* 17* 
Pyr-d10 212 9 8 8 9 13 13 10* 9* 
Pyr 202 14 11 8 10 16 16 12* 12* 
BaA-d12 240 8 8 0 1 7 7 NID NID 
BaA 228 7 7 5* 3* 6 6 3* 2* 
Chrys-d12 240 6 7 3* 3* 7 7 NID NID 
Chrys 228 5 5 3* 2* 4 4 2* 2* 
BaP-d12 264 8 7 2* 4* 9 8 3* 1* 
BaP 252 10 10 10* 7* 13 13 3* 3* 
Per-d12 264 5 6 3 3 6 7 NID NID 
Per 252 5 7 3 NID NID 5 NID NID 
I123cdP-d12 288 11 10 8* 2* 9 8 NID NID 
I123cdP 276 11 8 3* 3* 6 6 NID NID 
BghiP-d12 288 13 13 8* 8* 9 10 1* 2* 
BghiP 276 12 11 4 5 7 8 NID 1* 
 
 
 
 
 
 
Table 5.3 (continued) 
Chapter 5 PAH analysis - GC×GC-ID-TOFMS  
136 
 
Quantification ion (u) 77.2 mg 53.5 mg 
Manual Automatic Manual Automatic Compound 
 
1st run 2nd run 1st run 2nd run 1st run 2nd run 1st run 2nd run 
Phen-d10 188 n.a. 14 n.a. 10* 13 14 8* 4* 
Phen 178 n.a. 13 n.a. 3 14 14 8* 13* 
Ant-d10 188 n.a. 11 n.a. 1 9 9 1 2* 
Ant 178 n.a. 10 n.a. 0 10 8 10 1* 
Flt-d10 212 n.a. 11 n.a. 9* 11 12 7* 9 
Flt 202 n.a. 15 n.a. 13 14 15 9* 9* 
Pyr-d10 212 n.a. 11 n.a. 11* 15 13 11* 14* 
Pyr 202 n.a. 14 n.a. 12* 15 14 7* 11* 
BaA-d12 240 n.a. 8 n.a. NID 7 6 NID NID 
BaA 228 n.a. 6 n.a. 2* 5 n.a. NID n.a. 
Chrys-d12 240 n.a. 6 n.a. NID 8 8 NID NID 
Chrys 228 n.a. 5 n.a. 1* 5 5 NID NID 
BaP-d12 264 n.a. 9 n.a. 3* 10 9 1* NID 
BaP 252 n.a. 12 n.a. 9* 12 11 3* 3* 
Per-d12 264 n.a. 8 n.a. NID 5 8 1* NID 
Per 252 n.a. 6 n.a. 1 NID NID NID NID 
I123cdP-d12 288 n.a. 10 n.a. 2* NID NID NID NID 
I123cdP 276 n.a. 10 n.a. 1* NID NID NID NID 
BghiP-d12 288 n.a. 13 n.a. 3* 12 12 1* 1 
BghiP 276 n.a. 13 n.a. 2* 9 9 NID NID 
Duplicate analyzes, n.a.: data not available; NID: modulated peaks not identified. 
a
 one or more modulated peaks were integrated with a different unique mass than the quantification ion. 
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As reported elsewhere [39], if the area for a specific compound is inadequately 
integrated, an overestimation or an underestimation can be obtained. It is the 
expected case for automatic integration results, that underestimation of the “real 
value” could be obtained if the absolute response for calibration standards is 
employed. One alternative is to employ relative response factors based on 
internal standards. Amador-Muñoz and Marriott [39] showed that the ratios 
between a PAH and its corresponding PAH-d based on their modulated areas 
can be employed to calculate absolute amounts of the PAH. However, the 
manual integration of all modulated peaks is a time consuming task. Amador-
Muñoz and Marriott [39] also showed that there is no statistical loss of 
sensitivity when the ratio of PAH/PAH-d is calculated based on the total sum of 
modulated peaks, or if only the two or the three most intense peaks for a given 
PAH were employed.  
 
Another common problem found in the analysis of real samples by gas 
chromatography is the tailing of the target compounds. The previous modulation 
ratio study [40] showed how the total peak area was distributed according to 
peak symmetry, modulation phase, and signal-to-noise ratio. It demonstrated 
that the expected cumulative peak area proportional to the number of peaks 
included in the summation, and that many modulated peaks must be include 
when a tailing peak was considered in the model (As = 2.0); by summing the 
major peaks it is possible to report a large percentage of the total area Figure 
5.2 shows an example of a tailing peaks for BbF-d12 and BkF-d12). It is expected 
that the area ratio (PAH/PAH-d) based on the total area of both compounds is a 
function of how many peaks are considered. However, if only the response of 
the intense modulated peaks is considered, then the “true” ratio would not be 
significantly affected.  
 
Based on this observation, the absolute amounts of all PAHs extracted from 
real and certified samples were compared, based on the ratios using the both 
the total modulated area, and the two and the three most intense modulated 
peaks (manually integrated), with respect to the certified value (Figure 5.4.). 
Alternatively, Figure 5.5 shows the comparative results obtained by applying the 
same procedure for the automatic integration case (i.e. in this case 
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accomplished automatically by the software) in which Pyr was the only PAH 
which showed a good agreement with the certified values. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4. Manual integration. Average PAH amounts in SRM 1649a manually 
quantified by GC×GC-TOFMS in the range 53.5-139.6 mg of extracted urban dust. 
Data for different summed peaks (total, 2- and 3-summed peaks) are presented. The 
bars indicate the confidence interval at 95%, n=7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5. Automatic integration. Average PAH amounts in SRM 1649a 
automatically quantified by GC×GC-TOFMS in the range 53.5-139.6 mg of extracted 
urban dust. The bars indicate the confidence interval at 95%; n varies depending upon 
the number of modulated peaks integrated by the software. 
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In the case for the manual integration results, a similar response between the 
ratios of PAH/PAH-d (comparing selection of two, three and the total modulated 
peaks) for all PAHs were observed, suggesting the possibility to employ the 
ratios between only two or three modulated peaks of the PAH and their 
respective internal standard to calculate the concentration in the sample. This 
will reduce processing times for the integration as described elsewhere [39]. 
However, a lower response of I123cdP and a higher response of Phen, Ant and 
BaA were consistently observed, with respect to certified values. The 
overlapping of the latter PAH with Chrys, and especially between Chrys and 
triphenylene (data not shown) resulted in an increase in the response variability 
for Chrys. These suggest optimization of the modulation ratio to reduce 
overlapping with other compounds, or to reduce wraparound or maximize 2D 
resolution (according to the specific GC×GC resolution criteria) under conditions 
of the experiment. However, the analytical conditions employed were adequate 
to satisfactorily determine Flt, Pyr, BaP, Per and BghiP. Higher variations of 
20% were observed for Ant, Per and Chrys employing two, three or the total 
modulated peaks (Figure 5.6).  
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Figure 5.6. Variability comparison between the PAHs in the certified SRM 1649a urban 
dust sample obtained employing the total, 2-, or 3-modulated peaks. The variation was 
measured as relative standard deviations (RSD) based on seven observations in the 
range 53.5-139.6 mg of extracted SRM mass. The line on the figure represents the 
technical criteria acceptance suggested by method TO13A of the EPA [238] in terms of 
relative response factors for PAH for the analysis of PAH in ambient air. 
 
The first two compounds had the smallest concentration compared to other 
PAHs, therefore increasing the integration uncertainty, whilst the high variation 
of Chrys was due to overlapping with BaA and with triphenylene. With exception 
of a 29% of variation for I123cdP in the case of the total modulated peaks, the 
variation for the rest of the PAHs was less to 20%, in all the range of SRM 
extracted mass. The technical acceptance criteria for the determination of PAH 
in the ambient air suggested by the method TO13A of US Environmental 
Protection Agency (EPA) [238] in terms of PAH relative response factors, 
establish a maximum variation of 30%, based only on PAH standard calibration 
curves (including the PAHs in this study). This value represents a reference to 
compare the performance of the present method, although the operating 
conditions were different. However, it should be interesting to compare this 
variation with that obtained when a clean up procedure is involved in the 
analytical methodologies. If the variability obtained with the simplified 
extraction/analysis procedure of PLE-GCxGC analysis is acceptable and/or less 
than that obtained with the traditional extensive cleanup methodology, this 
present technique should be a faster and improved quantitative option. 
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5.4 Conclusions 
It was shown that the combination of GCxGC and the use of the ratios the two 
or three most intense peaks to the respective internal deuterated standards can 
be an adequate procedure to estimate the amount of PAHs in atmospheric 
particles. As a consequence of lower PAH concentrations higher uncertainty in 
the automatic identification and integration of the peaks were obtained. The 
manual identification and integration gave acceptable PAH concentration values 
compared with the automatic method, with respect to PAH certified values.  
Although for some of the PAHs the analytical method needs to be optimized, for 
others, the analytical conditions were adequate for their determination. This is 
the first approximation to quantify PAHs in an atmospheric standard reference 
material employing GCxGC-TOFMS. This analytical technique represents an 
alternative procedure to the traditional methodology due to a minimum sample 
treatment, resulting in improve efficiency, faster sample turnaround and a lower 
measurement uncertainty. 
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Chapter 6: Use of GC×GC and GC×GC-TOFMS for 
characterization of oils and study of biodegradation  
 
 
 
 
 
6.1 Introduction 
Comprehensive two-dimensional gas chromatography (GC×GC) provides 
enhanced peak capacity and resolving power and produces ordered 
chromatograms, where compounds of similar chemical structure are grouped 
into patterns in the chromatogram, which allows for rapid, preliminary 
identification [77]. Therefore, GC×GC is an ideal technique for the analysis of 
complex mixtures and in particular, of petroleum and related samples [149,239]; 
and has been successfully applied to the study of crude oils and condensates 
[24,114,240,241] petrochemicals [108,85], coal-derived liquids [242], middle 
distillates [110] including diesel fuel [243] and kerosene [244], and source rock 
organic extracts [245]. An important advantage of GCxGC is the ability of the 
technique to separate complex mixtures into an ‘orthogonal’ separation plane 
on the basis of polarity and boiling point within the one analytical procedure.  
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This means highly complex mixtures that contain components with varying 
properties of boiling point and polarity can be better separated, and that the 
elution position of these components in the 2D plane can provide useful 
information on both their boiling point and polarity.  
 
Thus, the application of GCxGC is particularly suited to track the compositional 
changes in oil chemistry occurring in petroleum products affected by 
biodegradation [246] weathering, such as in oil spills [102,247,248]. The impact 
of these processes on the molecular composition and physical properties of 
crude oils are empirically well known from studies of in-reservoir 
biodegradation, laboratory degradation studies and studies of crude oil spills 
[249]. Under certain conditions, micro-organisms can alter and/or metabolise 
various classes of compounds present in oil resulting in the disappearance of 
the dominant components of aliphatic and aromatic hydrocarbon fractions of 
biodegraded petroleum [15,249] and in the development of an unresolved 
complex mixture (UCM) classically observed, and referred to as a big “hump”, in 
gas chromatography [19]. Because UCMs are believed to consist of thousands 
of components, conventional one dimensional gas chromatography (GC) and 
gas chromatography coupled to mass spectrometry (GC-MS) do not provide 
adequate informing power [250], due to their limited component resolution, 
leaving most of the UCM hydrocarbons unidentified.  
 
Alternative techniques have therefore been applied including bulk analytical 
methods (including infrared spectroscopy, nuclear magnetic resonance 
spectroscopy, probe mass spectrometry), oxidative degradation methods, size 
fractionation and successive chromatographic separation [19,20,251]. These 
studies have so far suggested that UCMs are comprised of isomers of “T-
branched” alkanes, alkyl-substituted monocyclic alkanes [19,20,252]. However, 
the extremely complex nature of UCMs poses an extraordinary analytical 
challenge and there is still much to be discovered about their composition.  
 
Over the last few years, there has been increased interest in the use of GC×GC 
as an analytical technique for the analysis and characterization of oil spills, 
petroleum-products and UCM in biodegraded oils. Gains and Frysinger., [2] 
used a GC×GC approach to identify oil spill source, in which it is noted that the 
Chapter 6 GC×GC-TOFMS for Study of Petroleum Biodegradation   
144 
high power of GC×GC separated several hundred components form the 
petroleum matrix. Later, Reddy et al., [102] employed the same technique for 
the investigation of the West Falmouth oil spill after thirty years and suggested 
that compound-class separations provided by GC×GC will be very useful in 
understanding weathering patterns of petroleum. GC×GC also has been applied 
to resolve the UCM in petroleum contaminated sediments [9], and they 
concluded that the ability of GC×GC to resolve thousands of individual chemical 
components from the UCM will facilitate an understanding of the sources, 
weathering and toxicity of UCM hydrocarbons. Other various studies that 
employed GC×GC as an analytical technique included tracking the weathering 
of an oil spill [112], biodegradation capacities of environmental microflorae for 
diesel oil [246], UCM of aromatic hydrocarbons [253], detailed characterization 
of petroleum products [239], oil weathering [247,248], alkene-based drilling 
fluids in crude oils [116], petroleum source rock correlation [254] and most 
recently, analysis of UCM of hydrocarbons extracted from late Archean 
sediments [119]. Mao et al., [118] in 2008 has investigated oil pollution and 
UCM in motor oils and petroleum hydrocarbons attenuation in biopiles [120,255] 
using HPLC as a fractionation step preceding GC×GC, proposing that this 
technique provides separation of alkane from cycloalkanes, alkenes and 
polyaromatic groups in petroleum hydrocarbons to simplify the reultin 
interpretation of each classes of compounds. 
 
The present study aims to compare conventional GC and GC-MS techniques 
with the enhanced resolving capacity of GC×GC coupled to the molecular 
information provided by time-of-flight mass spectrometry (TOFMS) to study a 
range of oils and their related biodegraded equivalents, including the UCMs that 
develop during biodegradation. The use of a polar– non-polar (P/NP) column 
configuration was employed in addition to the more commonly used NP/P 
phase column set, as the former shows enhanced resolution for less polar 
compounds such as n-alkanes, branched alkanes and cyclic hydrocarbons, and 
makes greater use of the two-dimensional separation space for these critical 
compound classes [114]. Given that prior work suggests that UCM is enriched 
in non-polar components, the P/NP clumn set is preferred for this study. This 
study will show that the chemical changes observed during biodegradation in 
Chapter 6 GC×GC-TOFMS for Study of Petroleum Biodegradation   
145 
1D GC and GC-MS studies can be further resolved and the molecular 
composition tracked using GC×GC. Furthermore, the chemical differences 
between oils derived from a variety of sources can be observed within the 
GC×GC-FID data, and trends in specific compounds and compound groups can 
be followed without the specific need for mass spectrometry. The importance of 
this approach will be illustrated by reporting the analysis of UCMs in oils from 
different sources, where the enhanced separation and resolving power provides 
new information on the chemistry and complexity of the UCM in biodegraded oil 
samples. The application of GC×GC-TOFMS has also been used for the 
analysis of these UCMs and, for the first time, provides insight into the 
chemistry of a UCM in a variety of oils without the need for other forms of 
chemical separation. 
 
6.2 Experimental 
6.2.1 Oil Samples 
Three series of oil samples each deriving from a different source, i.e. marine, 
land-plant, mixed marine-land plant, were investigated. Oils were selected so 
that comparisons could be made to illustrate compositional changes at different 
levels of biodegradation within a given oil family. Details of these oils are shown 
in Table 6.1. 
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Table 6.1. Geochemical data for oil sample sets.  
Basin Number Well Source Age Biodeg. Rank (PM 1993) Level of Biodegradation 
Gippsland 10169 Caswell-2 Marine Early Cretaceous 0 Limited degradation 
Gippsland 10170 Gwydion-1 Marine Early Cretaceous 5 Partial biodegraded 
Browse 10262 Cornea-1 Marine Early Cretaceous 0 Heavily biodegraded 
Browse 851 Sunfish-1 Land plant Late Cretaceous 1 Low level biodegradation on 
migration pathway 
Browse 105 Lakes 
Entrance 
Land plant Late Cretaceous 3 Biodegraded inboard sample 
Carnarvon 10263 Stag-1 Marine & land plant Jurassic 6 Very heavily biodegraded 
Carnarvon 641 Wandoo-1 Marine & land plant Jurassic 5 Very heavily biodegraded 
Carnarvon 19999621 Mardie Marine & land plant Jurassic 6 Very heavily biodegraded 
 
Chapter 6 GC×GC-TOFMS for Study of Petroleum Biodegradation  
147 
6.2.2 GC-FID analysis 
 
A small amount of whole oil sample (10 µL) was dissolved in 100 µL of hexane 
and was vortex mixed for two min. The samples were injected into a heated 
(300 °C) split/splitless injector, with a split ratio of 50:1 on to a non-polar (BPX5; 
5% phenyl equivalent) phase coated capillary (30 m x 0.25 mm i.d. x 0.25 µm 
df). The GC oven was programmed from 60 °C (1 min), heated to 275 °C at 2 
°C/min, then 20 °C/min to 300 ° (10 min) 
6.2.3 GC×GC-TOFMS analysis 
GC×GC-TOFMS analysis was performed using an Agilent 6890 gas 
chromatograph coupled to a Pegasus III time-of-flight mass spectrometry 
(LECO Corporation, St. Joseph, MI). LECO® ChromaTOFTM software (version 
2.00) was used to operate the GC×GC-TOFMS system. Two column sets were 
used in this study; one column set (P/NP) comprised a polar (BPX50; 50% 
phenyl equivalent) phase column (30 m x 0.25 mm i.d. x 0.25 µm df) for the first 
dimension (1D), coupled to a non-polar (BPX5; 5% phenyl equivalent) phase 
coated capillary (1.0 m x 0.1 µm i.d. x 0.10 µm df) for the second dimension (2D) 
column. The other (NP/P) was a BPX5 phase column (30 m x 0.25 mm i.d. x 
0.25 µm df) as 1D, connected to a BPX50 phase coated column (1.0 m x 0.10 
µm i.d. x 0.10 µm df) as 2D. All columns were from SGE International 
(Ringwood, Australia). Columns were joined using a zero dead-volume capillary 
connector (SGE International). Helium was used as carrier gas with a constant 
flow of 1.0 mLmin-1; the column pressure was 414 kPa.  
 
A small amount of whole oil sample (10 µL) was dissolved in 100 µL of hexane 
and was vortex mixed for two min. The samples were injected into a heated 
(300 °C) split/splitless injector, with a split ratio of 50:1. The GC oven was 
programmed from 60 °C (1 min), heated to 275 °C at 2 °C/min, then 20 °C/min 
to 300 °C (10 min). A Longitudinal Modulated Cryogenic System (LMCS, 
Chromatography Concepts, Doncaster, Australia) was used for trapping and 
transferring the effluent from the 1D to the 2D column. The modulator 
temperature was set at 0 °C, commencing at 10 min and the modulation period 
(PM) was 6 s.  
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The MS transfer line temperature was 280 °C and the MS ion source 
temperature was 230 °C. The MS detector voltage was -1600 V. Ionisation was 
performed using electron induced ionisation at +70 eV. The mass spectral data 
acquisition rate was 100 Hz and data were collected over a mass range of 40-
500 u. Total ion chromatogram (TIC) data were processed using the automated 
data processing software ChromaTOFTM, with a signal-to-noise (S/N) of 100, 
and Mainlib (NIST98) spectral library was used for peak identification. After 
deconvolution, automated peak identification was supplemented by manual 
validation of individual spectra with that of reference library spectra. 
6.3 Results  
6.3.1 Conventional GC and GC-MS analysis 
Initially all of the study oils were analyzed using a conventional GC-FID 
analytical method. This was done to allow comparison with the GCxGC-FID and 
GCxGC-TOFMS methods and also to illustrate the biodegradation trends and 
changes in the oils families in a more familiar and readily understood format. 
Whole oil split injection GC analysis was used to screen the oils and provides a 
rapid assessment of oil mass composition. Note however, that the molecular 
composition is not provided by this method. Typical conventional 1D-GC 
chromatograms of non-biodegraded and biodegraded oils are shown in Figure 
6.1. It is apparent that the distribution of n-alkanes in Caswell-2 is very different 
compared to Cornea-1, both Caswell-2 (Figure 6.1(A)) and Cornea-1(Figure 
6.1(C)) are from the same source (marine oil). The biodegradation causes 
considerable loss of the least polar compounds, such as n-alkanes. During the 
early stage of biodegradation, low molecular mass n-alkanes were removed as 
seen in Gwydion-1 (Figure 6.1(B)). As the biodegradation process continues, 
the larger molecular weight alkanes and in some cases, the isoprenoids, may 
be completely lost, an observation in agreement with previous studies [256,257] 
and 1995). As Figure 6.1(C-D) show, the n-alkanes including isoprenoid such 
as pristine and phytane have been completely depleted in heavily biodegraded 
oil and resulted in the prevalence of UCM, which dominates the total peak area. 
Thus, provides limited information on the source and origin of the oils. 
Therefore, information provided by 1D GC is inadequate for oil-to-oil correlation 
and oil spill identification, because most subtle molecular information on 
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changes in oil composition is progressively lost as biodegradation proceeds. 
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Figure 6.1. 1D GC-FID chromatograms of ranging from non-biodegraded to heavily 
biodegraded. Marine oils consist of (A) Caswell-2, (B) Gwydion-1, (C) Cornea-1. 
Marine/land plant oils consist of (D) Stag-1, (E) Wandoo-1 and (F) Mardie-1. 
 
6.3.2 Land-plant oils 
The oils from the Gippsland Basin are sourced from the Late Cretaceous La 
Trobe Formation and have a predominantly terrestrial biomarker signature. 
Unbiodegraded oils from this source are waxy with a high pristane to phytane 
ratio. The Sunfish-1 oil (Figure 6.2(A)) displays geochemical characteristics 
typical of land-plant derived oils. These include a high pristane to phytane ratio, 
abundant bicyclic sesquiterpanes, tri- and tetra-cyclic diterpanes and an 
overwhelming predominance of C29 steranes over C27 and C28 homologs. The 
GC of Lakes Entrance-1 (Figure 6.2(B)) differs from the Sunfish-1, and shows a 
loss of lower molecular weight components and n-alkanes <C16 and the 
development of a prominent UCM. However, GC-MS analysis of these oils 
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confirms that they share similar biomarker compositions due to derivation from 
the same source. Peters and Moldowan., [25] related the losses of different 
group of compounds to different levels of biodegradation. The loss of lower 
molecular weight components, n-alkanes, isoprenoids and the development of 
the UCM are clearly illustrated by conventional GC analysis. The presence and 
identification of biomakers, such as hopanes, steranes, bicyclic sesquiterpanes, 
tri- and tetra-cyclic diterpanes required the use of GC-MS. 
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Figure 6.2. 1D GC-FID chromatograms of land plant oils consist of (A) Sunfish-1 
(unbiodegraded) and (B) Lakes Entrance-1 (heavily biodegraded) 
 
6.3.3 Marine oils 
A series of three marine sourced Cretaceous oils from the Browse Basin 
Australia derived from the same oil family were also analyzed by conventional 
GC and GC-MS analytical methods.  As with the Gippsland Basin oils, 
biodegradation is illustrated by the loss of lower molecular weight components, 
and n-alkanes <C16 and the development of a UCM when Caswell-2 (Rank 0) 
and Gwydion-1 (Rank 1) are compared.  In contrast, the Cornea-1 oil is more 
heavily biodegraded (Rank 3) with the almost complete loss of n-alkanes but 
the preservation of acyclic isoprenoids.  
 
6.3.4 Mixed marine and land-plant oils 
Three mixed marine and terrestrial Early Cretaceous source oils from the 
Carnarvon Basin were analyzed to help illustrate compositional changes of 
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more heavily biodegraded oils from Ranks 5 and 6. These oils all show an 
absence of n-alkanes and the development of predominant UCMs. These oils 
from Mardie-1, Stag-1 and Wandoo-1 have similar GC profiles. 
6.3.5 GC×GC-TOFMS 
6.3.5.1 Land-plant oils 
Figure 6.2(A) shows the GC-FID chromatogram of the non-biodegraded land-
plant derived oil Sunfish-1 using a non-polar/polar (NP/P) column set Figure 
6.2(A). Aliphatic components, such as normal, branched and cyclic alkanes are 
readily separated from aromatics. However, differentiation of the aliphatic 
components is not easily achieved and poor use is made of the two dimensional 
space. This observation has previously been discussed by Tran et al., [114], 
with the conclusion that aliphatic compounds are poorly retained on the second 
dimension (polar) column, and compressed into a narrow elution region, which 
makes the differentiation of non-polar compounds less easy. 
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Figure 6.3. GC×GC analysis of Sunfish-1 oil, (A) 2D GC×GC-FID plot of Sunfish-1 oil 
analyzed using NP/P column set and (B) TIC of Sunfish-1 oil using P/NP column set. 
Different classes of compounds are indicated with coloured lines. 
 
The (P/NP) column configuration provides a greater ability the ability to 
separate cyclopentanes (C3 to C19) from cyclohexanes (C7 to C17), as 
exemplified by the top right inset of Figure 6.3(B). As shown in the total ion 
chromatogram (TIC), the saturated alkanes have the greatest 2tR in the non-
polar second dimension, thus are located along the top of the 2D space. 
Between the n-alkanes are located branched alkanes, and located at slightly 
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greater 2tR than the alkanes is the homologous series of isoprenoids, including 
norpristane, pristane and phytane, which are now clearly visible as resolved 
peaks on the chromatogram, suggesting that they are less polar than the 
corresponding n-alkanes; the isoprenoids were not well differentiated in the 
NP/P column configuration. Separation of these isoprenoid biomarkers (when at 
low abundance) presents a greater challenge for  the NP/P column set in 
GC×GC, since they often are not easily visualized on the chromatogram, or they 
strongly overlap interfering compounds. These biomarkers do not have a unique 
characteristic fragment ion, however m/z 113 can be extracted from the TIC to 
reveal peaks that correspond to these compounds ([9] and references therein). 
They are the least polar compounds in the samples; therefore they are eluted at 
lower elution temperature (Te) on a polar column, so when delivered to the non-
polar 2D column they have relatively higher retention factors, thus longer 
retention time. The ability to separate and differentiate these compounds is 
important since they are important biomarkers for oil characterization and 
correlation.  
 
Located at lower 2tR in the chromatogram are the cyclopentanes, completely 
resolved from the cyclohexanes, as indicated by the [dotted] arrow. The so 
called ‘roof-tile’ effect [149] is also observed within these cyclic compounds, 
with the roof-tiles indicated by the black lines. Within each ‘tile’ are the branched 
cyclopentane and cyclohexane isomers, separated based on the degree of 
branching and number of alkyl-substitutents attached to the cyclic group. 
Towards the lower part of the 2D space are the more polar compounds such as 
mono-, di-, and tri-aromatics. They elute at a relatively higher temperature on 
the 1D polar column and consequently have the shortest 2tR on the 2D non-polar 
phase. Interestingly the mono-, di- and triaromatics and their alkyl-substitutents 
are clustered together within a narrow 2tR range on the 2D phase compared to 
the NP/P configuration, making their differentiation less well defined compared 
with that on the P/NP phase, in agreement with previous study [114,153].  
 
Sunfish-1 oil is dominated by high molecular weight alkanes with a sharp 
decrease in abundance with increase in carbon number. Isoprenoid and cyclic 
alkanes (including alkylcyclopentanes, alkylcyclohexanes, and branched cyclic 
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alkanes) were also observed in the chromatogram. Sunfish-1 oil shows high 
relative abundances of monoaromatic and diaromatic compounds, such as 
naphthalene and methylnaphthalenes. This is because oil derived from land-
plant materials has been suggested as major precursors for 
methylnaphthalenes [258].  
 
In comparison to the conventional GC analysis of the Sunfish-1 oil, the GC×GC 
chromatogram provides data on the aromatic composition of the oil, which 
cannot be obtained from the whole oil 1D GC analysis in the absence of mass 
spectrometry.   
 
Adamantane
biomarkers
 
 
Figure 6.4. GC×GC-TOFMS analysis, TIC of heavily biodegraded oil Lakes Entrance-1 
analyzed using P/NP column set. 
 
Figure 6.4 illustrates the GC×GC-TOFMS TIC of Lakes Entrance-1 oil, which is 
biodegraded to the Rank 5. Normal n-alkanes, branched-, cyclic- and branched 
cyclic-alkanes are almost completely absent from the chromatogram. In 
addition, compounds more susceptible to biodegradation, such as isoprenoid 
alkanes and aromatic compounds, including mono-, di-, and triaromatics, were 
almost completely lost during the biodegradation of this oil and this is 
immediately apparent from the lack of peaks in the GC×GC trace, in the 
aromatic region. Diamondoids were detected in the sample, however, only in a 
very low relative abundance. In addition to this observation, there is a group of 
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resolved compounds located around 2tR ~ 3.5 to 5.0 s, which are produced by 
biomarkers, such as hopanes, steranes and tricyclic terpanes. The development 
of the UCM is shown as a broad area of many closely eluting components. The 
elution position of the UCM in both dimensions is important as it provides 
information on compound classes and distributions that constitute the UCM. 
The NP/P column configuration shows that the UCM must be composed of 
components that are significantly less polar that the mono-, di-, and tri aromatic 
compounds, yet relatively more polar than the n-alkanes, simple branched 
alkanes, cyclo-alkanes and isoprenoids as illustrated in the Sunfish-1 GC×GC 
chromatogram. It is apparent in Figure 6.3 that the P/NP column set allows the 
UCM to be resolved, since the compounds hidden under the UCM are now 
grouped in bands within the 2D space. This information provides much more 
molecular characterization for compounds comprised in the UCM compared to 
both 1D GC and the NP/P column set in GC×GC. 
6.3.5.2 Marine oils 
A series of three marine oil samples were analyzed by using the P/NP column 
configuration. Figure 6.5 shows TIC chromatograms of the three marine oils 
(6.5(A)) Caswell-2, (6.5(B)) Gwydion-1 and (6.5(C)) Cornea-1, respectively. 
Caswell-2 oil is non-biodegraded; therefore it contains relatively high 
abundance of n-alkanes (C8 to C30). Since the n-alkanes are predominant in the 
sample, they reduce the relative abundances of other classes of compounds.  
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Figure 6.5. Total Ion Chromatograms of marine oils, Caswell-2 (A), Gwydion-1 (B) and 
Cornea-1 (C). 
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The TIC of Gwydion-1 oil which is a partially biodegraded marine oil is shown in 
Figure 6.5(B). By visualization, there is a loss of low molecular weight straight- 
and branched-hydrocarbons from C8 to C17 compared to Caswell-2 oil. Since 
isoprenoids are more resistant to biodegradation, therefore, only low molecular 
weight hydrocarbons, such as C8 to C17, were lost in this sample and some 
cyclic alkanes were also lost during the early stage of biodegradation. However, 
the presence of aromatic compounds now becomes more apparent in the 
chromatogram, most likely due to compounds, such as n-alkanes becoming 
degraded whilst degradation-resistant compounds increase in relative 
concentration. 
 
Figure 6.5(C) demonstrates the TIC of Cornea-1, a heavily biodegraded oil, 
which shows essentially the complete degradation of straight chain and 
branched hydrocarbons due to the extreme biodegradation of the oil (refer to 
Figure 6.1(C)). Remnants of norpristane, pristane and phytane are still 
detectable in the chromatogram, indicating that these biomarkers have 
resistance to heavy biodegradation conditions. The most noticeable aspect in 
this sample is the presence, or now increasing appearance, of new classes of 
compounds such as those located around 2.3 s to 5.3 s in the second 
dimension, and which are displayed very clearly as ordered patterns.  This is 
similar to the development of the UCM in the Lakes Entrance-1 oil.  The number 
of compounds present in the heavily biodegraded oil at a given response level 
has increased, compared to that in the limited biodegradation oil samples. The 
enrichment of mono-, di- and triaromatics was also obvious in the 
chromatogram, supporting the resistance of aromatic compounds to 
biodegradation compared with n-alkanes. As n-alkanes are lost in the oil 
sample, the aromatic compounds increase in relative concentration. This leads 
to a chromatogram that reflects the change in chemistry towards aromatic and 
more highly branched compounds. 
 
Interestingly, amongst different classes of compounds, the class of diamondoids 
was found to be a key component in these Australian biodegraded oil samples. 
This is in agreement with previous study [259], in which the effect of 
biodegradation on diamondoid distribution in a series of crude oils reservoired in 
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Australian sedimentary basins is demonstrated. See the inset structure in 
Figure 6.5(C), of mass 136 m/z. 
6.3.5.3 Marine/land-plant oils  
Results of Stag-1, Wandoo-1 and Mardie-1 oils are shown as TIC 
chromatograms in Figure 6.6(A), 6.6(B) and 6.6(C), respectively. Oils from 
Stag-1, Wandoo-1 and Mardie-1 are derived from a mixed marine and land-
plant source. These oils are all biodegraded to between Rank 5 and 6 and show 
complete loss of n-alkanes, cyclic alkanes and aromatic hydrocarbons.  
 
Diamondoids could be identified in all of these oils based on GCxGC elution 
position and GCxGC-TOFMS analysis. The most significant groups of 
compounds form prominent bands grouped together in bands in the 2D space; 
these bands have a tiled distribution and constitute the UCM for these oils when 
analyzed using 1D GC. The identification of this area in the GCxGC 
chromatograms of these oils is important, as it can also be observed in the oils 
of Lakes Entrance-1, Gwydion-1 and Cornea-1 (Figure 6.4. 6.5(B) and 6.5(C), 
respectively). The presence of these bands in the same area of the 2D GCxGC 
space in oils form marine, land-plant and mixed sources suggests that these 
groups of compounds are not source specific. It also indicates that the chemical 
composition of the UCM between oils derived from a variety of sources and 
ages is broadly similar. In the absence of GC×GC data, this observation is 
difficult to regconise.  
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Figure 6.6. Total Ion Chromatograms of marine/landplant oils, Stag-1 (A), Wandoo-1 
(B) and Mardie-1 (C). Bands of classes of compounds are highlighted in red, along with 
adamantanes indicated with coloured ovals. 
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6.4  Discussion 
As outlined in the previous section, the application of GCxGC to the analysis of 
whole oil can provide information that is consistent with more traditional 1D GC 
methods used in petroleum geochemistry; however, there is much more 
information within the GC×GC analysis since it is now possible to establish a 
polarity measure of the UCM, and observe a chemical banded structure within 
2D space. Significantly, much of the information, which usually can only be 
obtained via the application of multiple analytical steps such as lengthy prior 
separation techniques, is now provided by complementary polarities in the 
selected column set in the comprehensive two-dimensional experiment. 
However, the most important finding from the use of the P/NP column set is that 
the UCM observed in a range of biodegraded oils derived from different sources 
can be analyzed to provide new information about its chemistry obtained. This 
can be done without prior chemical separation or treatment of the oils, 
therefore, the information that we now obtain via the use of GCxGC and 
GCxGC-TOFMS provides an insight to the overall nature of the UCM and its 
composition in these oils. The fact that this information comes out at little, or 
indeed no, additional experimental time for conducting the GC×GC analysis is 
important. Additional time needed for data interpretation must be 
counterbalanced by recognition that now many more peaks are observable, and 
measurable, and since this work is still in its developmental stage, it naturally 
takes longer time to fully integrate software methods and interpretation. 
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Figure 6.7. GC×GC-TOFMS analysis of Cornea-1 oil, (A) distribution of classes of 
compounds in the UCM from TIC of Cornea-1, (B) EIC identification of classes of 
compounds in the UCM in Cornea-1 oil and (C) mass spetcra of the most prominent 
peaks observed in the UCM. 
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Based on the GC×GC elution position of the bands that comprise the UCM, the 
bulk of the UCM must be less polar than mono- di- and tri-aromatic compounds, 
which all elute below these bands in the 2D plot. The bulk of the UCM 
components must also be more polar than n-alkanes, isoprenoids, branched 
and mono-cyclic alkanes, which all elute above these UCM bands. For the 
Cornea-1 and Gwydion-1 oils, groups of peaks are observed between ~1000 
and 2600 s in the first dimension and ~2.5 to 4.5 s in the second dimension.  
GC×GC-TOFMS analysis of individual peaks in the chromatogram allows the 
identification of adamantane, methyl-adamantane and dimethyl-adamantane 
eluting earlier in the second dimension than the majority of peaks (Figure 
6.7(A)). The mass spectra of the most prominent peaks are shown in Figure 
6.7(C) and their distribution illustrated in Figure 6.7(B) for the Cornea-1 oil. 
Compound (I) has a molecular ion at m/z = 138 and key ions at m/z = 96, 81, 
67, 55 and 41. Compounds (II) and (III) have molecular ions at m/z = 152 and 
show similar fragmentation patterns to that of Compound (II). Based on the (M-
15)+ ion at m/z 137 for compounds (II) and (III), the similar fragmentation pattern 
and the 14 mass units difference between the molecular ions of compound (I) 
and (II) and (III), can be interpret compounds (II) and (III) to be methyl-branched 
isomers of compound (I). Compounds (IV) and (V) show similar fragment ions to 
compounds (I, II, and III) but have a molecular ion at m/z = 166. Compound (IV) 
differs from compound (V) in having an (M-15)+ ion at m/z = 151, as opposed to 
(V) which displays a prominent (M-29)+ at m/z = 137. These compounds appear 
to be C2 isomers of compound (I) with compound (IV) having methyl-branches 
and compound (V) having a single ethyl-branch.  Based on the fragmentation 
pattern and interpreted molecular ion at m/z= 180, compound (VI) appears to be 
a C3 isomer of compound (I). Using evidence from the molecular ion, and the 
fragmentation pattern compound (I), is interpreted to be decahydronaphthalene. 
Confirmation of the decahydronaphthalene interpretation was carried out by 
comparison of fragmentation patterns and the retention time in both first and 
second dimensions of this peak in the oils with the retention time and 
fragmentation pattern of a decahydronaphthalene standard, followed by co-
injection of the standard with the oil. Given the identification of compound (I) as 
decahydronaphthalene, the other compounds (II to VI) are interpreted to be 
alkyl-substituted decahydronaphthalenes ranging from C1 (m/z = 152) to C5 (m/z 
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= 208) in the Cornea-1 and Gwydion-1 oils. Based on the identification of 
decahydronaphthalene and alkyl-substituted decahydronaphthalene isomers in 
Cornea-1 and Gwydion-1, the GC×GC-TOFMS data were then analyzed for of 
all oils in the study using both specific fragment ions (m/z = 81/82 and 95/96) 
and molecular ions of increasing mass (m/z = 138, 152, 166, 180, 194, 208, 
222, 236). The Cornea-1 and Gwydion-1 oils exhibit a range of 
decahydronaphthalenes, ranging from decahydronaphthalene to isomers of C5 
alkyl-decahydronaphthalenes (m/z = 138, 152, 166, 180, 194 and 208). The 
more heavily biodegraded oils from Lakes Entrance-1, Stag-1, Wandoo-1 and 
Mardie-1 predominantly contain isomers of C2 to C7 alkyl-
decahydronaphthalenes (m/z = 166, 180, 194, 208, 222, 236).  
 
Note that in the absence of authentic compounds, and the lack of molecular 
specificity in the interpretation of the mass spectra of these isomers, the above 
are necessarily tentative propositions, and alternative spectroscopic methods 
will be required to inform the molecular identities of these compounds. 
 
Based on the TIC ion chromatograms from GC×GC-TOFMS data it is now 
apparent that the UCM of these biodegraded oils contain similar groups of alkyl-
decahydronaphthalene isomers but that the carbon number range varies. In oils 
that showed lower levels of biodegradation, decahydronaphthalene and C1 to 
C3 isomers were apparently the most predominant. Oils exhibiting greater levels 
of biodegradation exhibited a predominance of higher carbon ranges, with C4 to 
C7 being dominant. Each group of isomers forms bands that tend to shorter 2tR 
as 1tR increments, or tile structures, in 2D space; within each band there are 
many isomers once alkyl-decahydronaphthalenes with more than C3 
substitution is present, so this accounts for large number of possible 
compounds seen. The extensive overlapping tile effect observed in 2D space 
means that projection of the separation obtained back onto the 1D dimension 
would lead to the UCM distribution familiarly observed in 1D GC analysis. Thus 
it is proposed that the UCM observed in 1D GC analysis in all of these oils is 
predominantly composed of co-elution of multiple isomers of alkyl-
decahydronaphthalenes; these will also overlap with other classes of 
compounds that arise in these samples. The range of the UCM is dependant on 
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the dominance and range of different carbon numbers in the alkyl-
decahydronaphthalene groups present. 
 
In it not clear whether the development of the UCM is due to selective 
preservation of alkyl-decahydronaphthalene compounds as a group, or due to 
their generation during biodegradation.  Examination of the oils having no, or 
minimal, biodegradation in the study set (Caswell-2, Sunfish-1) indicates that 
the alkyl-decahydronaphthalenes could not be detected, suggesting that they 
are products of biodegradation. 
 
It is also important to note that the focus of this assessment is on the 
components that dominate the UCM area within the 2D space. The UCM elution 
zone will also contain many other compounds that do not form significant 
groupings or components. However, the power of GC×GC-TOFMS, as revealed 
in this study, is that it is now possible to separate a petroleum UCM both using 
GC and MS to obtain new information about the composition. This approach 
can now be applied to other oils from regions outside Australia to examine 
different levels of biodegradation in oils from diverse sources. This would 
extend our understanding on whether the alkyl-decahydronaphthalene patterns 
observed in this study are more widely typical of UCMs, and address how they 
actually form. 
6.5 Diamondoids 
As a case study, the presence and/or enrichment of diamondoids in 
biodegradation oils is also investigated using GC×GC-TOFMS. Diamondoids 
occur naturally in crude petroleum in various amounts and are generally 
dominated by substituted and unsubstituted lower members, including 
adamantanes, diadamantanes and triadamantanes [260,261]. Only two 
methyladamantane isomers are possible due to the symmetry of adamantane. 
However, the number of substituted isomers increases as the numbers of rings 
increases and the number of substituents increase [262] .Diamondoids are 
saturated hydrocarbon compounds that consist of three or more fused 
cyclohexane rings, which result in a cage-like or a diamond-like structure that 
occur naturally in crude oils [259,263-265] and references therein (molecular 
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structures of adamantine and diadamantane are shown in Figure 6.8), showed 
that diamondoids are thermally more stable and relatively resistant to even 
severe levels of biodegradation of reservoir petroleum oils over geologic time 
scales than most other hydrocarbons. During thermal cracking of oil, the 
thermodynamically stable diamondoids becomes increasing enriched in the 
residual oil. Due to their thermal stability and resistance to biodegradation, the 
relative abundance and distribution of diamondoids in crude oils may be 
proposed as a significant tool for assessment of biodegradation and 
fingerprinting of crude oils. Moreover, their distributions have potential 
applications in the investigation of petroleum geochemistry and they can also 
provide valuable information towards achieving a better understanding of 
petroleum systems in sedimentary basins [266]. 
 
 
 
 
 
 
 
Figure 6.8. Molecular structures of (A) adamantine and (B) diadamantane 
 
6.5.1 Enrichment of diamondoids in biodegraded oils 
Winger et al., [261] proposed that diamondoid hydrocarbons were formed from 
the rearrangement of polycyclic hydrocarbons under thermal stress in the 
presence of strong Lewis acids acting as catalysts. It is also suggested that 
diamondoid concentrations increase under conditions that cause thermal 
degradation of most compounds in crude oil, whether by thermal processes or 
chemical oxidation, such as chemical sulphate reduction [265]. The simplest 
diamondoid, adamantane, is the tricyclodecane with a chair configuration for 
each of its three rings. Fusions of the adamantane skeleton give rise to a series 
of polyadamantane homologues, including diadamantane, triadamantane, 
tetradamantane and etc.[261].  
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Figure 6.9. Molecular structures of adamantine isomers, (1) 1-methyladamantane, (2) 
2-methyladamantane, (3) 3-methyladamantane and (4) 4-methyladamantane. 
 
The TIC chromatogram of an oil (that is a standard and was not part of the 
present study of biodegraded oils) that is enriched in diamondoids obtained 
from GC×GC-TOMFS analysis is shown in Figure 6.10. Since this oil contained 
high concentration of diamondoids, it was used as a reference standard for 
confirmation of diamondoids present in biodegraded oil. GC×GC-TOFMS 
equipped with the P/NP column set allows simultaneous separation and 
identification of diamondoids in biodegraded oil samples. The NP/P set failed to 
separate classes of diamondoids from other classes of compounds comprising 
the sample, such as monoaromatics and cyclic alkanes. The identity of 
adamantane and regions of alkyl-substituted adamantanes is also shown in 
Figure 6.10, which revealed many linear bands of compounds that begin at 
around 3.0 s in the second dimension and extended to ~ 4.8 s, where each 
band represents adamantane with a given number of substituents. Within one 
band, it appears there is an ordering based on the number of attached carbons 
and the branching of the alkyl-substituents on the adamantane cage. Due to this 
cage structure, diamondoid hydrocarbons are thought to be more stable than 
most other saturated hydrocarbons. The most stable methyl diamondoids are 
those with the methyl group in a bridgehead position [261]. For example; 1-
methyladamantane will be more stable than 2-methyladamantane, and similarly 
4-methyladamantane is more thermally stable than 3-methyldiadamantane and 
1-methyldiadamantane (see Figure 6.8). 
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Figure 6.10. TIC of diamondoid standard oil, along with the elution order and 
possitions of adamantane, diadamantane and their alkyl-substituents. 
 
6.5.2 Identification of diamondoids 
Adamantane and its alkyl-substituents are readily determined on the GCxGC 
contour plot by visualization. Similar to aromatic hydrocarbons, diamondoids are 
group together into bands based on branching and positional isomerisation, 
which allows facile recognition of these compounds without the need to mass 
spectrometry. However, absolute identification requires further confirmation. 
ChromaTOFTM software was used for identification of adamantane class and 
extent of substitution, by comparing the mass spectrum of adamantane in the oil 
to mass spectral NIST library entries. The standard diamondoid-enriched oil 
sample analyzed by using GCxGC-TOFMS under the same conditions further 
aids comparison of the diamondoid group. 
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Figure 6.11. EIC of diamondoid standards, identification of adamantane and it alkyl-
substituents by using m/z 136 (adamantane) (A), m/z 135 (methyladamantanes) (B), 
m/z 149 (dimethyladamantanes) (C), m/z 163 (trimethyladamantanes) (D), m/z 177 
(tetramethyladamantanes) (E) and m/z 191 (pentamethyladamantanes) (F). Refer to 
Table 6.1 for components identified by numerals. 
 
Separation of the diamondoid standard (Figure 6.10) illustrates the distribution 
and favourable separation of adamantanes and diadamantanes and their alkyl-
substituents in the standard. Individual component resolution is good. Direct 
comparison of diamondoids present in the samples and standard is 
accomplished by matching both 1tR and 2tR times for each component. 
 
Figures 6.11(A-F) illustrate the extracted ion chromatograms (EIC) of 
adamantane and it alkyl-substituents by using m/z 136 (adamantane), m/z 135 
(methyl-), m/z 149 (dimethyl-), m/z 163 (trimethyl-), m/z 177 (tetramethyl-) and 
m/z 191 (pentamethyl-) adamantane, respectively. Mass m/z 186, 187, 201, 215 
and 229 ions were selected for identification and confirmation of diadamantane, 
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methyl-, dimethyl-, and trimethyldiadamantane, respectively (Figure 6.12(A-C)). 
Identification and elution order of diamondoids are numbered on the 2D plot and 
their identities are proposed as shown in Table 6.1. 
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Figure 6.12. EIC of adamantane and it alkyl-substituents by using m/z 188 
(diadamantane) (A), m/z 187 (methyldiadamantanes) (B), and m/z 201 
(dimethyldiadamantanes) (C). 
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Table 6.2. Identification of diamondoids (adamantanes and diadamantanes) in both 
standard oil and Cornea-1 oil sample.  
Peak # Compounds Identified m/z 1st Dimension 
retention time (s) 
2nd Dimension 
retention time (s) 
1 Adamantane 136 1260 3.31 
2 1-Methyladamantane 135 1242 3.30 
3 2-Methyladamantane 135 1510 3.50 
4 1-Ethyladamantane 135 1770 3.56 
5 2-Ethyladamantane 135 1974 3.60 
6 1,3-Dimethyladamantane 149 1218 3.58 
7 1,4-Dimethyladamantane (cis) 149 1500 3.59 
8 1,4-Dimethyladamantane (trans) 149 1530 3.57 
9 1,2-Dimethyladamantane 149 1668 3.60 
10 1-Ethyl-3-methyladamantane 149 1866 3.50 
11 1,3,5-Trimethyladamantane 163 1170 3.87 
12 1,3,6-Trimethyladamantane 163 1458 3.91 
13 1,3,4-Trimethyladamantane (cis) 163 1596 3.88 
14 1,3,4-Trimethyladamantane (trans) 163 1626 3.81 
15 1-Ethyl-3,5-dimethyladamantane 163 1752 3.84 
16 1,3,5,7-Tetramethyladamantane 177 1536 4.10 
17 1,2,5,7-Tetramethyladamantane 177 1836 4.07 
18 Diadamantane 188 3096 3.43 
19 4-Methyldiadamantane 187 3036 3.62 
20 1-Methyldiadamantane 187 3240 3.57 
21 3-Methyldiadamantane 187 3336 3.54 
22 4,9-Dimethyldiadamantane 201 2976 3.99 
23 1,4-Dimethyldiadamantane 201 3132 3.88 
24 2,4-Dimethyldiadamantane 201 3162 3.80 
25 4,8-Dimethyldiadamantane 201 3270 3.74 
26 3,4-Dimethyldiadamantane 201 3456 3.63 
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Heavily biodegraded marine oil (Cornea-1) was used to demonstrate the 
distributions of diamondoids in biodegraded oil samples. Figure 6.13 represents 
the TIC of Cornea-1, and it is obvious that diamondoids are amongst the most 
abundant resolved compounds present in the biodegraded oil sample, where 
each individual adamantane and their alkyl-substituents are readily determined 
from the chromatogram. Additionally, this proved that the relative abundance of 
diamondoids increased as biodegradation increased due to the removal of 
biodegradation-susceptible hydrocarbon components, in agreement with 
previous study [259].  
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Figure 6.13. TIC of Cornea-1, demonstrates the distribution of diamondoids and other 
classes of compounds present in the sample. 
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Figure 6.14. EIC of Cornea-1 oil, by using m/z 136 (adamantane) (A), m/z 135 
(methyladamantanes) (B), m/z 149 (dimethyladamantanes) (C), m/z 163 
(trimethyladamantanes) (D), and m/z 177 (tetramethyladamantanes) (E). 
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Figure 6.15. EIC of Cornea-1 oil, by using m/z 188 (diadamantane) (A), m/z 187 
(methyldiadamantanes) (B), and m/z 201 (dimethyldiadamantanes). 
 
Extracted ions reveal the distribution and elution order of adamantanes and 
diadamantanes in Cornea-1 oil, shown in Figure 6.14(A-E) and  Figure 6.15(A-
C), respectively; m/z 136, 135, 149, 163, 177 ions were selected for the 
examination of adamantane and ethyldadamantane, methyl-, dimethyl-, 
trimethyl- and tetramethyladamantane, respectively. Similarly, diadamantanes 
were examined by using m/z 188, 187, 201, 215 and 229 for diadamantane, 
methyl-, dimethyl-, trimethyl- and possibly tetradiadamantanes, respectively. 
Although, m/z 215 and 229 were proposed to be characteristic ions for tri-and 
tetramethyldiadamantane, respectively, due to their trace level concentration in 
the sample, which eluted in a similar region and also have similar characteristic 
ions of other biomarker components, therefore, individual identification of 
isomers was unsuccessful. In the adamantane series, it is obvious that 1-
methyladamantane is the most abundant component; it has only one methyl 
group that is attached to the bridgehead position. In contrast, it was reported 
that 1,3,5,7-tetramethyladamantane was the least abundant, and hence of 
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lowest concentration, believed to be due to the fact that the four methyl groups 
causes the molecular structure to be unstable [265]. 
6.6 Conclusions 
Results from this study demonstrate that GCxGC and GCxGC-TOFMS can be a 
powerful way to examine oils and study biodegradation trends. The trends 
described using more traditional 1D GC and GC-MS can be observed using one 
analysis. Furthermore, the P/NP column configuration in GC×GC-TOFMS has 
proved to be a powerful technique for separating the UCM in biodegraded oils. 
The ability to simultaneously separate and differentiate thousands of 
compounds by GC×GC-TOFMS will enable geochemists to more fully 
understand the chemical composition of a UCM. This study suggests that 
compounds comprising the UCM from oils derived from marine, land-plant and 
mixed sources are found to be similar and based on isomers of alkyl-
decahydronaphthalenes (C1-C7). Due to the large amount of compounds 
present in the oils, it is impossible to identify and discuss all classes of 
compounds present in the UCM in this study and other classes still need to be 
identified in order to fully explore the chemical composition of the many minor 
components within a UCM. The results presented here show that by using the 
P/NP column configuration, it is possible to provide a much more enlightened 
compositional characterization of compounds present in the UCM, and these 
compounds are often grouped together in different bands or tiles, rather than 
just a ‘hump’ as observed in conventional 1D GC. Moreover, diamondoids were 
found to be present and/or enriched in biodegraded marine oils (Cornea-1). 
However, only small amounts of diamondoids were present in the land plant oils 
(Lakes Entrance-1), which suggested that diamondoids are not commonly found 
in land plant sources. Quantification of diamondoids will be carried out in future 
work. 
 
The GC×GC-TOFMS method developed in this study represents a step closer 
to completely resolving and identifying all classes of compounds present in the 
UCM.  
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Chapter 7: Conclusion and Future Work 
 
 
 
 
 
The characterization of petroleum fractions, including whole crude oil, has been 
a challenging task for geochemists in the last half century. The complex nature 
of such samples always limits understanding of detailed structural information 
on the constituents. Practically it is impossible for any current approach using a 
variety of analytical techniques to separate and identify every individual 
component, although a group-type analysis can be of great help in order to 
define the relationship between structures and provide information on properties 
of an oil. As discussed in Chapter 1, whole crude oil comprises many different 
classes of thousands of compounds, which have a wide range of molecular 
weight, boiling point and polarity.  
 
It makes the task even more complicated when the whole crude oil undergoes 
biodegradation (discussed in Chapter 1 and illustrated in Chapter 6), which lead 
to the formation of UCM, that consists of a large number of different classes of 
compounds. Within each class, there are hundreds, even thousands of isomers 
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that are the most resistant to biodegradation and are obscured under an 
unresolved “hump”, which is often observed in conventional 1D GC 
chromatograms of heavily biodegraded oils. 
 
Additional, analytical methods must be employed for the characterization of 
such samples. It is interesting to find that a wide range of analytical techniques, 
including LC, LCMS, FTIR, NMR and GC-MS etc. have been employed by 
geochemists and analytical chemists for many years, attempting to gain better 
understanding of the chemical composition of these complex samples. 
Although, a number of researchers had reported different classes of compounds 
in these samples, however due to the highly complex nature of these samples, 
until today, there were no reliable and efficient methods that allow complete 
separation of classes of compounds and isomers in crude oil, UCM and 
particulate matter. 
 
The development in state-of-the-art techniques, such GC×GC has made the 
analysis of highly complex crude oils and other complex environmental samples 
possible. This thesis had been given the mandate of applying GC×GC coupled 
with different types of universal and selective detectors, such as FID, qMS, 
TOFMS, NPD and ECD for the analysis various applications, include crude oils, 
incense smoke, particulate matters and UCM. Through the experiments and 
findings presented in this thesis, it is proven that, once the GC×GC method is 
fully optimized, it approaches the attributes of the ultimate technique that could 
potentially provides a complete characterization of crude oil, UCM and many 
other complex samples, such as smoke generated during biomass combustion. 
The author anticipates encouraging petroleum chemists to consider a new 
paradigm shift in the way analytical problems in the petroleum laboratory are 
approached. GC×GC had been employed as an analytical technique by many 
researchers for petroleum characterization, which demonstrated the suitability 
of this technique for the analysis of petroleum samples. The anticipation that 
GC×GC will eventually be employed as a routine technique in the petroleum 
laboratory, for the benefit of oil exploration, oil products and oil spill remediation 
etc will be aided by the development of user-friendly quantification and data 
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processing software for GC×GC, which will no doubt be important in 
accelerating the realization of this vision.  
 
GC×GC has been employed in this work for the analysis of crude oil and 
bitumen, however, a polar/non-polar column (inverted-phase) combination was 
used rather than the common non-polar/polar column sets. The inverted-phase 
column set provides an alternative separation in GC×GC. It also significantly 
improves the separation of classes of non-polar compounds, which offers the 
possibility of facile and rapid oil fingerprinting, as well as sample comparison. 
Based on this, and the extra separation of non-polar compounds, and 
subsequent study of UCM was conducted. 
 
One of the main highlight in this thesis is the application of GC×GC-TOFMS for 
the characterization of oil and oil biodegradation study. A series of biodegraded 
oils ranging from whole crude oil to heavily biodegraded oils have been 
investigated in this study, by using polar/non-polar column configuration 
(BPX50/BPX5). GC×GC-TOFMS coupled to this column set has proved to be a 
powerful technique for separating the UCM in biodegraded oils, which provide a 
more complete characterization of chemical compositions in the biodegraded 
oils and in turn enable geochemists to achieve better understanding of the 
origin and sources of the oils. This method also represents a step closer to 
completely resolving and identifying all classes of compound present in the 
UCM. Different classes of compounds hidden under the UCM were separated 
from each other to form a number of bands on the 2D plot. These findings have 
the added potential for the study of UCM in biodegraded oils and the ability to 
study the biodegradation trends.  
 
It is obvious from this study, that GC×GC-TOFMS potentially allows complete 
characterization of the UCM in the biodegraded oil to be achieved, since it 
provides simultaneous separation and identification of classes of compounds 
that once obscured under the ‘hump’ as observed in 1D GC. Moreover, 
GC×GC-TOFMS permit classes of compounds including diamondoids and 
decalins, which are the major composition of the UCM to be readily 
differentiable. The results indicated that GC×GC is moving another step nearer 
to be employed as a routine technique for petroleum analysis. Since there are 
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lots more of crude/biodegraded oil samples from different places and sources, 
which may compised of UCM. Future work will be focused on further 
identification and quantification of compounds that make up the UCM. 
 
The suitability of GC×GC for the application of incense smoke analysis has 
been successfully exploited as a parallel study to the analysis of organic-bound 
particulate matter. SPME has been employed as a rapid and simple extraction 
method for extracting volatile compounds in both incense powder and smoke. 
To the best of the author’s knowledge, despite the fact that there have been a 
number of incense smoke studies published in the literature, the use of SPME 
coupled to GC×GC has not been previously reported. This study showed that 
most of the compounds that are emitted into atmosphere were generated during 
the combustion of incense. Moreover, different column combinations (normal 
and inverted-phase) have been employed to contrast the GC×GC separation of 
incense smoke, both column sets can be used to provide good separation of 
complex samples. The successes of this study show that SPME-GC×GC would 
be of benefit for the analysis of toxicants in smoke and particulate matter. 
Future study should focus on the use of this technique for the analysis of 
atmospheric particulate matter, such as PM10 and PM 2.5. 
 
Since SPME-GC×GC method has been successfully developed for the analysis 
of incense smoke, this has lead to the employment of this method for further 
characterization of these samples. In this study, SPME-GC×GC was coupled 
with various selective detectors, time-of-flight mass spectrometry (TOFMS), 
nitrogen phosphorous detector (NPD) and electron capture detector (µECD) to 
use as a tool for the analysis of nitrogen-containing and halogenated 
compounds in incense smoke. The benefit of using GC×GC-TOFMS was that, it 
allows simultaneous separation and identification of components generated and 
emitted into the atmosphere during the incomplete combustion process of 
incense burning. A GC×GC-NPD/µECD simultaneous detection method of 
nitrogen-containing and halogenated compounds was also developed in this 
study. This technique potentially offers the prospect of providing selective 
chemical compositional information and detection of nitrogen-containing and 
halogenated compounds in incense smoke at trace level concentrations. The 
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results in this study demonstrated various advantages of GC×GC over 1D GC 
and multidimensional GC. Future work should increasingly be focused on the 
identification of halogenated and N-containing compounds in smoke samples by 
simultaneously coupled mass spectrometric and µECD and/or NPD with 
GC×GC. Results obtained from this study showed that the proposed methods 
are very useful for fingerprint recognition and understanding of chemical 
composition complexity in different incense powders as well, as their combustion 
products. The extension to enhanced chemical characterization of other 
particulate samples and smokes is evident. Future studies that focus specifically 
on such combustion sample analysis will benefit from access to a much greater 
library of authentic chemical standards. 
 
GC×GC has been applied extensively as a qualitative technique to identify 
several classes of compounds in various complex environmental samples. 
However, it is less often used as a quantitative technique to quantify the 
concentration of those compounds identified in environmental samples. The 
reason for this is that in GC×GC, each peak eluted from the first column is 
modulated into 3 - 4 peaks to the second column, thus in a complex sample 
such as petroleum, there will be thousands of modulated peaks. Clearly, this 
makes the quantification of analytes of interest in the sample almost impossible, 
since there is a requirement for reliable, fast processing quantification software 
available for GC×GC. In this thesis, the concept of selecting a subset of each 
modulated peak rather than the total peak distribution was applied, based on 
the modulation ratio concept. The results showed that the use of the ratios 
between the two or three most intense modulated peaks can be an adequate 
procedure to estimate the amount of PAHs in atmospheric particles. Integration 
and identification of PAH was carried out manually and automatically, manual 
identification and integration gave acceptable PAH concentration values 
compared with the automated integration the ChromaTOFTM software. However, 
this technique is rather time consuming and practically is impossible to quantify 
all the analytes in complex samples. Therefore, the development of user-
friendly quantification software to be incorporated to GC×GC will potentially 
make it a reliable and robust technique for the analysis of complex samples. 
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Overall, GC×GC-TOFMS presently is the only tool that allows a thorough 
analysis of crude oils, particulate matter and UCM in biodegraded oils. Due to 
the complexity of such samples, not all effects that occur are yet fully 
understood, but with these tools it is now possible to investigate them in more 
thoroughly and in greater detail. The capabilities of GC×GC as a tool, especially 
when coupled to various detectors (TOFMS, NPD and ECD), are truly 
astonishing and today this must be the method of choice for the analysis of 
complex environmental samples, such as crude oils, UCM and particulate 
matters. Therefore, future work should be focus on the optimisation of GC×GC-
TOFMS and the identification of compounds in complex samples, such as UCM 
and marine seeps to provide a complete understanding of the chemical 
compositions of these samples. Furthermore, more work needs to be done on 
the Arafura Sea sediments by using the optimised GC GC×GC-TOFMS method 
to improve the understanding of the petroleum resources in the Arafura Sea. 
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